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High-resolution information on clouds and radiative fluxes is produced for the 
Indian and African monsoon regions of interest to the GEWEX Project as articulated 
under the Coordinated Energy and Water Cycle Observations Project (CEOP).  Such 
data are needed to provide forcing parameters for regional climate models, to evaluate 
them, and to facilitate their transferability to various climatic regions.  Emphasis is 
placed on capturing the small-scale spatial variability and the diurnal cycle of cloud 
systems and on improving flux retrievals under the challenging conditions of high 
elevation and abundant aerosol loads that are characteristic of the various monsoon 
regions.  Once developed, the data are applied to several issues investigated under 
CEOP and related to hydro-climate and aerosols.  
Documentation of the diurnal cycle of clouds and convection throughout the 
progression of the Indian monsoon has been limited due to lack of hourly satellite 
  
data over the region prior to 1998.  This study adds to the base of knowledge by 
contrasting the diurnal cycle of clouds and convection in six diverse sectors of the 
Indian monsoon region and compositing the data for the pre-, peak-, and post-
monsoon seasons to better understand the evolution of the monsoon.  Comparison of 
satellite-observed clouds to model-predicted values points out model deficiencies in 
simulating clouds during the peak-monsoon season and at locations with elevated 
terrain. 
The high-resolution cloud information and cloud optical depth data derived 
with the radiative flux inference scheme are used to re-evaluate the “Elevated Heat 
Pump” (EHP) hypothesis.  The hypothesis predicts early initiation and enhancement 
of monsoon precipitation in northern India and the Bay of Bengal due to anomalous 
warming caused by high aerosol loads in the Indo-Gangetic Basin.  Newly derived 
information on convection is used to study the contrast in precipitation patterns 
during years with high and low aerosol loads.  Evidence of the EHP effect is not 
found.  This may be attributed to aerosol indirect effects or air-sea interactions which 
are not accounted for in the model simulations that were used to develop the 
hypothesis. 
Experiments are conducted with different aerosol treatments in the radiative 
flux inference scheme over Africa with the goal of determining whether using 
observed aerosol inputs can improve on fluxes retrieved with climatological aerosol 
values.  This question is pertinent to the African Monsoon Multidisciplinary Analysis 
(AMMA) program, a subprogram of CEOP, which seeks to improve prediction of the 
West African Monsoon.  The radiation component of the surface forcing database 
  
used for all AMMA land surface models overestimates clear-sky radiation under high 
aerosol loads due to poor representation of aerosols.  The experiments show that flux 
retrievals improve when observed aerosol values are used, but biases are reduced 
even more significantly when aerosol absorbing properties are incorporated into the 
inference scheme as well.  The improved scheme is then used to study the spatial and 
seasonal variations in downwelling surface shortwave flux and surface albedo over 
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Chapter 1:  Introduction 
1.1. Broader context of thesis  
 The objective of this thesis is closely tied to several science issues central to 
the Coordinated Energy and Water Cycle Observations Project (CEOP) (Bosilovich 
and Lawford 2002; Koike 2004), a sub-program of the Global Energy and Water 
Cycle Experiment (GEWEX).  CEOP aims to improve understanding and prediction 
of continental to local-scale hydrological conditions for water resource applications, 
which requires transferability of regional climate models to areas of climatic interest.  
To support this goal, high resolution information on clouds and radiative fluxes at 
regional scale is needed for both model forcing and evaluation.  
 Among the specific objectives of CEOP are: characterizing the average hydro-
climatic conditions over various regions and seasons, enhancing knowledge of water 
and energy  cycles at high elevations; explaining how aerosols affect the hydrologic 
cycle; improving monsoon rainfall forecasts; and understanding the impact of 
aerosols on radiative forcing. 
1.2. Purpose of thesis 
In alignment with the CEOP objectives, the purpose of this thesis is (1) to 
derive information on clouds and radiative fluxes by transferability of inference 
schemes to newly available information from satellites in regions of climatic 
significance, and (2) to use the newly derived information to address climate issues in 
monsoon regions.  Improved observational capabilities are available in the Indian 
monsoon region since Meteosat-5 was moved to this region in July 1998 in support of 
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the Indian Ocean Experiment (INDOEX) (Ramanathan et al. 2001).  These data are 
exploited to gain new insight over previous studies of the region that lacked the 
benefit of geostationary satellite observations.  Newly available information on 
aerosols is combined with Meteosat-7 observations over Africa to quantify the impact 
of aerosols on radiative flux retrievals and to analyze radiation budget parameters that 
have been derived with improved information on aerosol absorbing properties. 
 Specifically, the following scientific questions are addressed: 
1. How does the spatial distribution and diurnal cycle of clouds and 
convection change as the Indian monsoon evolves through the pre-
monsoon, peak-monsoon, and post-monsoon seasons? 
2. How does the aerosol load in the Indo-Gangetic Basin impact the 
Indian monsoon?  
3. How are flux retrieval algorithms in the African monsoon region 
impacted by the source of aerosol optical depth information and the 
incorporation of aerosol absorbing properties? 
4.   How do the surface albedo and radiation regimes change seasonally 
over Africa? 
1.3. Current status of cloud and radiative flux information 
The need for high-quality information on clouds and radiative fluxes has been 
emphasized in several research initiatives.  Under the GEWEX-sponsored 
International Satellite Cloud Climatology Project (ISCCP) (Schiffer and Rossow 
1983; Schiffer and Rossow 1985; Rossow and Schiffer 1991; Brest and Rossow 1992; 
Rossow and Garder 1993a and 1993b; Rossow et al. 1996; Rossow and Schiffer 
 3 
1999) information on clouds and radiative fluxes from various satellites is being 
collected since 1983.  The satellite data sources include a combination of the NOAA 
and DMSP series of polar orbiting satellites and the GOES, Meteosat, and GMS 
series of geostationary satellites.  Clouds and radiative fluxes are processed globally 
and are available at a 280 km equal-area grid at 3-hourly temporal resolution.  A 
newer ISCCP raw radiance product is the ISCCP DX data set which is provided 
independently for each satellite sampled at about 30 km at 3-hourly intervals.  The 
ISCCP D1 cloud data are used to derive surface and top of the atmosphere (TOA) 
radiative fluxes known as the GEWEX Surface Radiation Budget (SRB).  This 
initiative provides model-based global 3-hourly shortwave and longwave radiative 
flux parameters from 1983 – 2005 (Raschke et al. 2006). 
Through NASA’s Earth Observing System (EOS) mission, a series of polar 
orbiting satellites (e.g., Tropical Rainfall Measuring Mission (TRMM), Terra, and 
Aqua) have been launched with multi-channel instruments to provide detailed, high-
resolution information on multiple parameters, including clouds and radiative fluxes.  
Instruments aboard these satellites include the Clouds and the Earth’s Radiant Energy 
System (CERES) (Gupta et al. 2004; Li et al. 1993) sensor, the Moderate Resolution 
Imaging Spectroradiometer (MODIS) (Kaufman et al. 1997), and the Multiangle 
Imaging Spectroradiometer (MISR) (Bothwell et al. 2002).  A new era in cloud 
observations arrived in 2006 with the launch of the CloudSat and CALIPSO satellites 
with sensors that measure cloud properties through radar and lidar, respectively.  The 
instruments aboard CloudSat (Stephens et al. 2002) and CALIPSO (McGill et al. 
2007) provide detailed observations of cloud vertical structure that were unattainable 
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with previous sensors.  These satellites form part of the A-Train, a constellation of 
polar-orbiting satellites that fly in close formation to give nearly concurrent 
observations of numerous atmospheric and surface parameters.  The data obtained by 
these specialized instruments have contributed widely to climate studies but are 
limited because they do not resolve the diurnal cycle of clouds and fluxes due to their 
once-a-day coverage of the majority of the earth.   
1.4. Need for high resolution data sets 
In response to the need for high resolution information for hydrological 
modeling, the various GEWEX subprograms (GCIP, BALTEX, GAME, MAGS, 
LBA, CATCH) were initiated. These programs are now consolidated under CEOP  
 
Figure 1.1. Location of CEOP reference sites. 
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and tied to new programs such as the African Monsoon Multi-Disciplinary Analyses 
(AMMA). 
The map of CEOP selected reference sites is shown in Figure 1.1.  At these 
sites, as well as at regional scales (for model evaluation), cloud and radiative flux 
information is needed at higher spatial resolution than what has been obtained so far 
through early GEWEX initiatives.  The high temporal resolution of data retrieved  
from geostationary satellites has been shown to be of great value in model validation  
(Mitchell et al. 2004).  Randall et al. (1991) noted that testing a model’s ability to 
simulate the diurnal cycle can be accomplished with a short integration of the model, 
and yield insight into model deficiencies without the computational, time, and storage 
requirements needed for longer integrations.  Lau et al. (2005) stated that reproducing 
the diurnal cycle of clouds is a particularly troubling aspect of models, and studies 
show this is a pre-requisite to success in seasonal and longer-term forecasts.  The 
research in this thesis has led to the development of cloud and radiative flux products 
at 1-hourly, 0.125° resolution.  The combination of high spatial and temporal 
resolution makes them good candidates for regional scale science applications.  
1.5. Climatic significance of regions in the Meteosat domains 
Higher resolution cloud and radiative flux information in the domains covered 
by Meteosat-5 and Meteosat-7 is necessary to address many outstanding scientific 
questions that originate in these regions.  The monsoons in each region show little 
similarity in their driving mechanism, timing, and characteristics of convection.  High 
resolution radiative flux information can be used to investigate the meso-scale 
processes that contribute to the uniqueness of these monsoons and possible linkages 
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between them.  The Tibetan Plateau and the latent heat release from deep convection 
in the Intertropical Convergence Zone (ITCZ) over Africa represent two major 
planetary heating sources.  Radiative flux information can be used to gain a better 
understanding of processes that radiatively balance these heat sources.  Both domains 
contain significant sources of aerosol, including dust from the desert regions, high 
concentrations of black carbon from industrial sectors of India and Asia, and 
extensive biomass burning in Africa.  Atmospheric circulation transports these 
aerosols over wide domains with significant consequences such as influencing the 
development or dissipation of Atlantic hurricanes (Landsea and Gray 1992).  Aerosol 
impacts on climate change have been recognized (IPCC  2007) by their determination 
of radiative forcing and feedbacks.  The radiative fluxes produced under this research 
provide the tools to address many of the above issues.   
 
Chapter 2 describes the cloud detection algorithm and the radiative flux 
inference scheme that are developed to utilize observations from Meteosat-5 and -7.   
The ensuing chapters deal with the applications of the satellite data.   
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Chapter 2:  New Approach to Derive Clouds and Radiative 
Fluxes from Meteosat Data 
This chapter details the transferability of methods to produce high-resolution 
analyses of cloud parameters and shortwave (SW) radiative fluxes over the Indian and 
West African monsoon regions.  The satellites selected for coverage of the monsoon 
areas are Meteosat-5 and Meteosat-7, respectively.  These are geostationary satellites 
with the advantage of being able to provide hourly observations, in contrast to polar 
orbiting satellite such as the NOAA series and the more recently launched EOS 
satellites (i.e., Terra, Aqua, CloudSat), which observe each location on the earth only 
about once per day.  Another benefit of these satellites is their fairly long data 
records, with Meteosat-5 available over the Indian region since 1998 and Meteosat-7 
coverage over Africa beginning in 1997.   
2.1. Cloud detection  
Cloud detection is a crucial first step in this research.  In addition to providing 
information needed to analyze clouds over the monsoon regions, the cloud detection 
algorithm supplies fundamental inputs to the inference scheme used to derive 
radiative fluxes.  These include cloud amount, clear- and cloudy-sky reflectance 
(determines which component of the radiative transfer scheme is to be used), and 
clear-sky composite reflectance (used for the derivation of surface albedos).   
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2.1.1. Calibration 
In the first step of the cloud detection procedure, a calibration is applied to 
convert raw counts (gray-scale) from space into reflectance values that can be used 
for cloud detection tests.  The Meteosat satellites carry instruments to measure 
radiance from space in both visible (0.75 micron) and infrared (IR) (11.5 micron) 
wavelengths.  In general, IR sensors are calibrated onboard the satellite, and some 
visible sensors, such as those onboard the Earth Radiation Budget Experiment 
(ERBE) (Barkstrom et al. 1990) and the TRMM and Terra satellites (Lee et al. 1998), 
carry onboard calibration systems to maintain stable radiance measurements (Minnis 
et al. 2002).  However, most visible sensors, including those on the Meteosat series, 
require vicarious calibrations.  The visible channel calibration procedure accounts for 
the following: the deep space signal, the degradation of the sensor based on its time 
since launch, the solar irradiance averaged over the spectral response function for the 
portion of the spectrum within the sensor’s visible channel, sun-earth distance, and 
solar zenith angle (SZA).  The latter two parameters are calculated by standard 
methods based on date, time, and location, but space count and sensor degradation are 
empirically derived and may vary among different calibration methods.  Likewise, the 
solar irradiance for the visible channel depends on the choice of the equivalent width 
(the bandwidth of a hypothetical perfect absorber that would absorb the same amount 
of energy as a given spectral band) for the visible channel, and may differ among 
calibration methods. 





LR    (1)  
 
where  
  L narrow-band radiance in Wm-2sr-1.  
 E in-band extraterrestrial irradiance at mean sun-earth distance in 
  Wm-2sr-1m-1.   
  square of the sun-earth distance in astronomical units. 
   cosine of SZA.   
The narrow-band radiance, L, is given by: 
 
 L = Cf (DC – DCo) (2) 
 
where  
 DC  digital count from the satellite.  
 DCo  digital count offset for space. 
 Cf  calibration coefficient that accounts for sensor degradation  
  based on the time since the satellite was launched: 
 
Cf  =Cf0 + Df * DSL 
 
where  
  Cf0  calibration coefficient at launch in Wm-2sr-1/DC.  
  Df  daily drift in Wm-2sr-1/DC Day-1 105.  
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  DSL  number of days since launch.   
The calibration constants chosen for this implementation were developed by the 
European Organisation for the Exploitation of Meteorological Satellites 
(EUMETSAT).  Table 2.1 shows the values of E and Cf0 and the launch date used to 
calculate DSL for Meteosat-5 and Meteosat-7.  In order to monitor the daily drift, 
calibration of the visible sensor is performed about 4 to 8 times per year using 
simulations of radiative transfer for ocean and bright desert targets under multiple 
illumination conditions (Govaerts et al., 2004).  The values of DCo and Df are updated 
with each calibration, and the history of their values can be found at: 
http://www.eumetsat.int/groups/ops/documents/document/pdf_ten_vis_calibdetail_met5.pdf 




Table 2.1. Calibration constants for Meteosat-5 and Meteosat-7. 
 
 Meteosat-5 Meteosat-7 
E 691.6 690.8 
Cf0 0.8184 0.9147 
Launch date 2 Mar 1991 2 Sep 1997 
 
2.1.2. Impact of calibration  
The parameters derived from satellite observations depend on the quality of 
the calibration, which generally is not perfect.  Due to the potential impact on the 
parameters that are to be examined, it is useful to quantify the error that can be 
attributed to calibration.  A study was performed (Wonsick et al. 2005) on the 
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sensitivity of derived parameters to the choice of calibration using GOES-8 visible 
radiances and calibration methods developed by NOAA’s National Environmental 
Satellite Data and Information Service (NESDIS) (Weinreb et al. 1997) and the 
NASA Langley Research Center (Minnis et al. 2002).   
The ultimate goal of the study was determine the sensitivity of the surface 
shortwave (SW) downward fluxes to sensor calibration.  This was accomplished by 
evaluating the impact of calibration on various parameters that are used as inputs in 
the radiation inference schemes.  First, the absolute reflectances produced by the two 
calibrations were compared in order to gain an understanding of the impact on this 
most basic parameter.  Since surface SW downward fluxes are highly dependent on 
cloud cover, the sensitivity of cloud detection to calibration was evaluated and the 
results were compared to those from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) (Platnick et. al. 2003).  Finally, the differences between 
the satellite-estimated SW downward fluxes obtained when applying the NOAA and 
NASA calibrations were validated using ground measurements from three sources: 
SURFRAD stations (Augustine et al. 2000), the Arizona Meteorological Network 
(AZMET) (Brown 1989), and the Illinois State Water Survey Network (Hollinger et 
al.1994).  The results of the study are summarized as follows: differences in visible 
reflectance ranged from -0.5 to 0.6% for clear-sky conditions and 0 - 3% for cloudy 
conditions; average difference in monthly mean cloud amount was ~3%; average 
difference in monthly mean surface SW downward flux was 5 Wm-2, with a 
maximum difference of 2.5% of the average of the NOAA and NASA monthly mean 
(See Figure 2.1); differences in bias and rms in validations against ground station 
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measurements were less than 3 Wm-2.  These statistics give a useful estimate of the 
error in derived parameters that can be attributable to choice of calibration. 
2.1.3. Cloud detection 
Once calibrated, the data can be applied in cloud detection tests.  While the currently 
available ISCCP cloud data set also uses Meteosat inputs, these are sub-sampled in 
space and in time.  The methods developed here use the full pixel-level resolution of 
the satellite observations at hourly time intervals.  The cloud detection algorithm for 
both satellites is a simplified version of the Coupled Cloud and Snow Detection 
Algorithm (CCSDA) developed at the University of Maryland (Li et al. 2007; Pinker 
et al. 2007).  The original algorithm employs one spatial variability test and seven 
spectral threshold tests using combinations of four channels of data from GOES-8, 
centered at 0.75, 3.9, 10.6, and 11.9 microns.  The tests are adapted from the Clouds 
for AVHRR (CLAVR) cloud detection algorithm for the AVHRR sensor onboard the 
NOAA polar orbiting satellites (Stowe et al. 1999), and concepts from the MODIS 
cloud mask (Ackerman et al. 1998) that was developed for the Terra and Aqua 
satellite missions.  Table 2.1 shows all of the tests that have been developed for the 
CCSDA and the channels used to employ each test.  Meteosat has three channels 
centered at 0.75, 6.9, and 11.5 microns.  Without an additional IR channel 
comparable to the 10.6 channel of GOES, some of the tests cannot be applied. 
Meteosat data are collected at a resolution of 2.5 km in the visible channel and 
5 km in the IR channel.  In all of the tests, the visible data are reduced to 5 km to 













        
 






















                         
 
Figure 2.1. (a) Average of the NOAA and NASA monthly mean surface SW 
downward fluxes (Wm-2) for Aug 2000 (b) difference between 
monthly mean surface SW downward flux (Wm-2) calculated with 
NASA and NOAA calibrations for Aug 2000 (c) as in (b), but 




Table 2.2.  Comparison of cloud tests used in cloud detection process for GOES 






Gross Contrast Test (RGCT) compares the visible reflectance of each pixel to an 
empirically-derived reflectance threshold set to 30 over the ocean and 44 over land.  
The theoretical basis for this test is that clouds will be more reflective than the 
background that would be seen from space.  Pixels with reflectances higher than the 
threshold values are classified as cloudy.  Since snow-covered backgrounds have high 
reflectances that can be mistaken for clouds, this test is turned off when snow is 
present, as determined by the Interactive Multi-sensor Snow and Ice Mapping System 
(IMS) data set, a manually developed global snow mask produced at the National 
Centers for Environmental Prediction (NCEP) (Ramsay 1998; 
NOAA/NESDIS/OSDPD/SSD 2004). 
The Thermal Gross Contrast Test (TGCT) uses the 11.5 m IR brightness 
temperature (the temperature a black body would have if emitting the same amount of 
radiation at the same wavelength) sensed by the satellite.  Pixels are classified as 
cloudy if their IR  brightness temperatures are colder than threshold values set to 271 
K for Meteosat-5 over water (269 K for Meteosat-7 over water) and 249 K over land 
Cloud Test CCSDA Met 
Reflectance Gross Contrast Test (Visible) X X 
Thermal Gross Contrast Test (11 micron) X X 
Near-IR Reflectance Test (4 micron) X  
Uniform Low Stratus Test (4 - 11 micron) X  
Cirrus Test (4 – 11  micron) X  
Four Minus Five Test (11 –12 micron) X  
Two Minus Four Test (4 - 11 micron) X  
Reflectance Uniformity Test (Visible) X X 
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for both satellites. The different water thresholds were arrived upon through visual 
inspection of cloud analyses in comparison to satellite images.  This test works well 
as a supplement to the RGCT during daylight hours, but it is difficult to obtain a 
quality cloud analysis at night using only the TGCT.  The prime objective of 
developing the cloud detection methodology is to use the cloud mask to derive solar 
radiation budgets and study the effect of aerosols on the budgets.  Since these 
processes are only of interest during daylight hours, the effort has not been made at 
this time to develop a robust nighttime cloud detection algorithm.  A pixel is 
considered to be under daytime conditions when its SZA is less than 75°.  This 
threshold was conservatively chosen based on previous investigations of cloud 
retrievals at low sun angle that showed skill in cloud detection through SZA < 80° 
(d’Entremont and Gustafson 2006; Dybbroe 2001). 
The Reflectance Uniformity Test (RUT) examines the range of reflectances in 
the 2 x 2 pixel square and compares it to reflectance uniformity thresholds for cloudy 
and clear conditions.  If the RGCT and TGCT tests detect clear conditions, but the 
difference in reflectances in the 2 x 2 square is more variable than what is expected 
under clear conditions, the pixels are flagged as mixed clear.  Similarly, pixels 
identified as cloudy are tagged as mixed cloudy if the RUT difference is less variable 
than what is expected under cloudy conditions.  The mixed pixels are then 
redistributed during the gridding process. 
2.1.4. Gridding 
Once the cloud classification has been performed at pixel level, the data are 
re-projected onto a latitude/longitude grid.  The gridding process requires the 
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introduction of a clear-sky composite reflectance (CCR) to be used as a threshold in 
the reclassification of mixed pixels as either clear or cloudy.  The CCR is computed 
for each pixel by averaging the reflectance values at each pixel for all clear-sky cases 
over the course of a month.  A separate CCR is calculated for each hour of the day to 
account for variations in bi-directional reflectance.  To make the final clear or cloudy 
determination for pixels flagged as mixed with the individual cloud tests, the 
reflectances of the mixed pixels in the grid box are compared to two values: the CCR 
and an empirically-determined cloudy threshold.  Mixed pixels with reflectance 
values less than or close to the CCR value are flagged as clear and mixed pixels with 
reflectance values larger than or close to the cloudy threshold are flagged as cloudy.  
The final cloud amount is calculated as the number of cloudy pixels in a grid box 
divided by the total number of pixels in the grid box.  Other variables provided in the 
gridded projection include clear-sky reflectance, cloudy reflectance, snow amount, 
and CCR.  The resolution of the final gridded product can be selected during the 
gridding process, and for the purposes of this research it has been set to 0.125°. 
2.1.5. Cloud typing 
Meteosat observations of 11.5 m brightness temperature are used to 
differentiate between low and high clouds.  Low clouds have cloud top temperatures 
> 263 K; clouds with temperatures < 250 K are classified as high clouds following 
Roca et al. (2005), who found that a threshold of 255 K encompasses the majority of 
convection-induced high clouds.  The cloud classification procedure from MODIS 
uses multiple spectral bands, but case studies show that the 11 – 12 m channel 
brightness temperatures for low, middle, and high clouds generally fall into the ranges 
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given above (Li et al. 2003).  To differentiate between upper-level cloudiness and 
convection, convective clouds must meet the high cloud temperature threshold and 
have an optical depth > 23.  The optical depth criterion was chosen following the 
ISCCP algorithm used by Rossow and Schiffer (1991) to identify convective clouds. 
Cloud optical depth is estimated with the University of Maryland Surface Radiation 
Budget (UMD_SRB) model (Pinker et al. 2003), which is discussed in the next 
section. 
2.2. Description of the radiative flux inference scheme 
The radiative flux inference scheme used in this work is an outgrowth of the 
University of Maryland Surface Radiation Budget (UMD_SRB) model, as 
implemented operationally at the National Oceanic and Atmospheric Administration 
(NOAA)/National Environmental Satellite Data and Information Service (NESDIS) 
using observations from GOES satellites.  The scheme estimates both surface and top 
of the atmosphere (TOA) upward and downward fluxes in five spectral intervals (0.2–
0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, and 0.7–4.0 m) and aggregates them into the 
following climatically relevant intervals: shortwave, photosynthetically active 
radiation, and near-IR.  Flux output is further broken down into clear-sky and all-sky 
as well as direct and diffuse radiation. 
Basics of the inference scheme are reviewed here; a more detailed discussion 
is presented in Pinker et al. (2003).  The approach is based on the known relationship 
between 1) planetary TOA albedo (AT, atmosphere plus surface reflection), 2) surface 




Figure 2.2. Flowchart of radiative flux inference scheme.  Cloud inputs are shown 
in blue and auxiliary inputs are shown in green. 
 
transmittance (T, the fraction of radiation that arrives at the surface after interaction 
with the atmosphere).  The relationship is prescribed by the adding equation of 
radiative transfer over a vertically inhomogeneous, semi-Lambertian surface.  The 
flux transmittance is required for two stages of the radiative flux inference scheme, as 
shown in Figure 2.2.  First, it is used in combination with the satellite-derived clear-
sky composite radiance (the average radiance under clear-sky conditions for about 
one month) to estimate the surface albedo.  Second, it is used in the calculations of 
upward and downward radiative fluxes to account for extinction of radiation due to 
atmospheric effects.  The flux transmittance has a dependence on the surface albedo, 
and the surface albedo is influenced by the flux transmittance.  Therefore, both 
Fluxes
 





















variables cannot be derived simultaneously from the satellite information alone.  The 
model approach is to first make assumptions on the flux transmittance (which is 
dependent on the water vapor, ozone, and aerosol content of the atmosphere), in order 
to derive the surface albedo.  Once the surface albedo is obtained it is used as the 
boundary condition to retrieve cloud or aerosol optical depth estimates (for cloudy 
and clear-sky cases, respectively) from each individual grid point. This is 
accomplished by calculating a modeled value of TOA broadband albedo for various 
values of cloud and aerosol optical depths.  Next, the satellite-observed TOA albedo 
is compared to the modeled values, and the appropriate cloud or aerosol optical depth 
is selected based on the closest match between modeled and observed TOA albedo.   
To determine the flux transmittance for calculation of the surface albedo, the 
model relies on look-up tables (LUTs) of atmospheric reflectivity and transmissivity 
that are stratified by solar zenith angle (SZA) as well as the water vapor, ozone, and 
aerosol content of the atmosphere.  The LUT values are developed from radiative 
transfer calculations using the ATRAD2 model (Wiscombe et al.1984; Laszlo et al. 
1988; Halthore et al. 2005).  Auxiliary inputs of water vapor, ozone, and aerosols are 
needed to select the proper reflectivity and transmissivity values from the LUTs.  
Water vapor inputs come from the NCEP/NCAR Re-analysis while season- and 
latitude-dependent ozone amounts are taken from the McClatchy atmospheres (F. X. 
Kneizys et al., unpublished data, 1988).  At the time of development of the 
UMD_SRB model, available aerosol information was limited.  Accordingly, aerosol 
treatment in the operational model is fairly simplistic.  AOD is assumed to be 0.23 
over land and 0.128 over water, per the Standard Radiation Atmospheres [WCP-55, 
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1983].    Improved aerosol information is now available from several satellite sources 
including MODIS (Kaufman et al. 1997), MISR (Bothwell et al. 2002), and POLDER 
(Leroy et al. 1997; Mukai and Sano, 1999).  Additionally, the Aerosol Robotic 
Network (AERONET) (Holben et al. 1998, 2001) has expanded to provide ground-
based estimates of radiative flux parameters at over 600 locations.  Aerosols play a 
large role in the radiation budgets of both the Indian and African monsoon regions.  
Therefore, as part of the transferability effort, two research versions of the model 
have been developed to incorporate different methods of handling aerosols.  Full 
details of the aerosol sensitivity tests conducted with the research versions are given 
in Chapter 5. 
Improvement of flux retrieval at high elevations also needed to be addressed, 
particularly for the Tibetan Plateau in the Southeast Asian monsoon region with 
elevations ranging from 4000 to over 6000 m.  Elevated terrain poses a problem for 
radiative flux retrievals from satellite observations.  Total column ozone and water 
vapor amounts are generally lower above elevated surfaces due to the shorter distance 
from surface to TOA.  The LUTs of atmospheric reflectance and transmittance are 
based on calculations that assume water vapor and ozone amounts are measured from 
an elevation of zero.  In the research models, an elevation correction is applied to 
account for this.  At mountainous points, the atmosphere is treated as two layers.  The 
top layer represents the atmosphere above the mountain and the bottom is the 
“mountain” layer.  In the first part of the elevation correction, water vapor and ozone 
amounts are increased by the amount that would be present if the “mountain” layer 
was replaced by one of five standard atmospheres (tropical, mid-latitude summer, 
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mid-latitude winter, sub-Arctic summer and sub-Arctic winter) based on location and 
season.  This brings the real atmosphere closer to the model atmosphere which 
assumes the surface height to be zero.  The reflectance and transmittance values 
chosen from the table using corrected water vapor and ozone amounts are used to 
calculate the modeled planetary albedos that are matched to the observed broadband 
albedo to retrieve the aerosol or cloud optical depth (depending on whether the grid 
point is clear or cloudy).  Before calculating the modeled planetary albedos, the 
reflectance and transmittance due to the “mountain” layer are subtracted from the 
total values so the only contribution comes from the upper layer (Y. Ma, personal 
communication).  
The impact of this elevation correction (along with the high spatial resolution 
of the model) is seen in an independent evaluation of surface SW downward fluxes 
derived over the Tibetan Plateau using a research version of the UMD_SRB model 
(UMD_SRB-R) with inputs from Meteosat-5 (Yang et al. 2008).  In this region, 
shading by mountain peaks causes high variability in radiative flux fields and 
orographic effects produce small-scale variations in the cloud fields that cannot be 
resolved by many of the currently available cloud products.  Liou et al. (2007) 
showed that average radiative flux over complex terrain may vary by 10 – 50 Wm-2 in 
comparison to fluxes over flat surfaces.  The study uses ground observations of 
surface SW radiative flux obtained at 9 sites with elevations higher than 4000 MSL to 
validate fluxes retrieved from the UMD_SRB-R model along with flux products from 
two other radiative flux inference schemes.  The first is the ISCCP-FD product, 
derived with the ISCCP model run by the NASA Goddard Institute for Space Studies 
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(GISS) using ISCCP D1 cloud input.  The second is the GEWEX Surface Radiation 
Budget model (GEWEX/SRB) as implemented by the NASA Langley Research 
Center with ISCCP D1 cloud input.  Both ISCCP-FD and GEWEX/SRB use cloud 
inputs that are sub-sampled at 30 km and 3-hour resolution.  The final resolution of 
the ISCCP-FD and GEWEX/SRB radiative flux products are 2.5° and 1°, 
respectively. 
As seen in Table 3.1, the ISCCP-FD and GEWEX/SRB models underestimate 
surface SW radiative flux at all sites while the fluxes retrieved with the UMD_SRB-R 
model are much closer to the observed values.  To minimize the advantage of the 
higher spatial resolution of UMD_SRB-R in the statistical comparison, biases were 
also calculated after upscaling the high resolution data to 1.0° and 2.5° to match the 
resolution of the other products.  The resulting biases were 0.3 Wm-2 and -4.0 Wm-2, 
respectively.   
On daily timescale the standard deviation of the errors is smaller for 
UMD_SRB-R, but ISCCP-FD and GEWEX/SRB perform better at 3-hourly 
timescale.  This behavior is attributed to the nature of clouds in the Tibetan Plateau, 
which is dominated by fast-moving convective cells with spatial scale of a few 
kilometers (Yeh and Gao, 1979).  As a result, the quality of radiative fluxes produced 
by the UMD_SRB-R model undergoes a progression from high accuracy of 
instantaneous fluxes, degraded accuracy at hourly time scales due to the rapidly 
changing cloud conditions, and a return to greater accuracy at longer time scales 




Table 2.3.   Evaluation of ISCCP-FD, GEWEX/SRB, and UMD_SRB-R surface 
SW downward radiative fluxes against ground observations in the 
















Anduo D110 TTH D66 Ave 
Observed mean value 
 293.6  268.5  235.2  237.2  240.8  243.4  259.5  257.2  256.3  254.6  
Mean bias error  
ISCCP-FD -11.9  -16.7  -12.1  -10.3  -9.6  -17.1  -10.0  -15.7  -3.8  -11.9  
GEWEX/SRB  -10.2  -13.3  -15.5  -29.5  -12.9  -6.3  -32.2  -19.1  -9.4  -16.5  
UMD-SRB-R -0.1  -14.5  12.7  -0.8  0.8  9.3  -3.1  -5.6  -6.7  -0.9  
Standard deviation of the differences between 3hr-mean observation and satellite product 
ISCCP-FD 83.6  77.9  89.1  83.3  99.2  101.7  102.9  83.9  90.6  90.2  
GEWEX/SRB 57.4  59.1  94.5  95.5  102.2  78.7  100.5  88.3  95.3  85.7  
UMD-SRB-R 82.3  83.0  95.8  89.4  109.2  87.6  101.3  91.3  89.3  92.1  
Standard deviation of the differences between daily-mean observation and satellite product 
ISCCP-FD 41.9 34.4 34 30.3 45.7 45.5 42.3 34.6 37.8 38.5 
GEWEX/SRB 23.6 25.4 36.6 33.4 42.4 29.8 41.4 35.1 39.9 34.2 
UMD-SRB-R 25.8 32.2 45 36 35.7 30.3 31.8 25.3 29.5 32.4 
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Chapter 3:  Indian Monsoon Cloud Climatology  
3.1. Background 
Predicting the onset, intensity, and intra-seasonal variation of the Indian 
monsoon continues to be a challenge, in part due to problems with representing clouds, 
convection, and their diurnal cycle in numerical models.  A clear understanding of these 
parameters is essential for model assessment and improvement. The CEOP program 
emphasizes the need to document the advance and withdrawal of the monsoons as a 
basis for understanding their driving mechanisms (http://monsoon.t.u-
tokyo.ac.jp/ceop/objectives.html).  Cloud distributions in the Indian monsoon region, 
particularly at diurnal time scales, are not well documented due to the lack of coverage 
by geostationary satellites until 1998.  Prior to that year, geostationary coverage of the 
region was provided by the Indian National Satellite (INSAT) and the Japanese 
Geosynchronous Meteorological Satellite (GMS).  However, these data sources have 
limited usefulness in the Indian monsoon region.  The Indian Meteorological 
Department has not made the entire record of INSAT data publicly available.  Only a 
subset is distributed through the National Center for Atmospheric Research (NCAR) 
(Roca et al. 2005) for a five-year period with only about two frames per day.  The GMS 
series is not the ideal data source as India is on the western limb of the satellite’s field-
of-view.   
The lack of geostationary satellite coverage of the Indian monsoon region is 
readily apparent in cloud analyses produced by ISCCP.  This database suffered for most 
of its duration from what is known as the “Indian Ocean Gap”, a region where only 
NOAA AVHRR morning and afternoon satellite observations are available.  This 
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greatly reduced the number of observations of cloudiness in the region (Figure 3.1) and 
clustered the time of the observations to only two daytime hours, one daytime 
observation per NOAA satellite.  In support of INDOEX (Ramanathan et al. 2001), the 
Meteosat-5 satellite was moved to 63° E longitude, and continuous operational 
coverage of the area began in July 1998.  Meteosat-5 observations over India have been 
incorporated into the ISCCP data set since 1998, yet it does not exploit the full 
capabilities of the Meteosat-5 data since they undergo spatial and temporal sub-











Figure 3.1. Frequency distribution of the number of observations available for the 
ISCCP D1 dataset for the month of October 1996.    
 
The focus of this chapter is to improve on previous cloud climatologies of the 
Indian monsoon region by applying the cloud detection algorithm described in 
Chapter 2 using the full (hourly) temporal resolution and 5-km spatial resolution of 
Meteosat-5 observations to characterize cloud variability on seasonal and diurnal 
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timescales over India, the surrounding waters, and the Tibetan Plateau.  Emphasis is 
placed on how the patterns change as the monsoon evolves through the pre-monsoon 
(March – May), peak-monsoon (June – September), and post-monsoon (October – 
November) seasons.   
After spatial patterns of clouds for the various seasons are presented, the 
diurnal cycles of clouds and convection are addressed.  Information on the diurnal 
cycle is valuable since some of the most fundamental processes are those associated 
with the diurnal cycle, and as such, can facilitate improvements in numerical model 
physics.  Accurate prediction of the diurnal cycle of clouds is considered to be a 
prerequisite for improved forecasts on seasonal and longer time scales (Lau et al. 
2005).  Moreover, Randall et al. (1991) noted that testing a model’s ability to 
simulate the diurnal cycle can be accomplished with a short integration of the model, 
and yields insights into model deficiencies without the computational, time, and 
storage expenses required for longer integrations.   
The years 2001 and 2003 are chosen for analysis.  These are years with 
climatologically normal rainfall (Figure 3.2) based on rain gauge observations as 
available from the Indian Institute of Tropical Meteorology (IITM) at Pune, 
(Parthasarathy et al. 1995).  In most cases, only the results for 2001 are shown since 
the analyses for both years are quite similar. 
3.2. Spatial variability of clouds 
To document the progression of the monsoon, the mean total daytime cloud 































Figure 3.2.  All-India monsoon rainfall for the years 2000 – 2005 as derived from 
rain gauge data compiled by the IITM.  Dashed line represents the 
climatologically normal rainfall amount. 
 
seasons are computed and are presented in Figure 3.3.  In the pre-monsoon phase 
(Figure 3.3, top panels), the Indian subcontinent and surrounding oceans experience 
no more than 30% cloudiness.  During the peak-monsoon months (Figure 3.3, middle 
panels) mean cloud amounts increase to 50 – 80% in northeastern India and the 
Arabian Sea, and up to 90% over a large portion of the northern Bay of Bengal.  
Northwestern India, however, does not experience a large increase in cloud cover.   
This may be explained by the fact that the monsoon wind flow is northwestward from 
the Bay of Bengal onto the subcontinent, and most of the moisture is depleted before 
reaching the northwestern region.  An alternative explanation is that the region 
remains relatively cloud-free because the northward extent of the migration of the 
ITCZ is about 25° N.  Post-monsoon cloud amounts (Figure 3.3, bottom panels) drop 
dramatically throughout most of the subcontinent.  In 2001 it is particularly evident 
that cloudiness continues during this phase in the eastern portion of the southern 





Figure 3.3. Average daytime cloud amount (%) for pre-monsoon (Mar – May, top 
panels),  peak-monsoon (Jun – Sep, middle panels), and post-monsoon 
(Oct – Nov, bottom panels) seasons for 2001 (left) and 2003 (right).  
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October and November (Gadgil 2003).  Regions of high cloud amount over water 
progress southward as the monsoon subsides.  
Figure 3.4 shows the change in monthly mean total daytime cloud amount as 
the monsoon moves through different phases for the 2001 season.  During the 
monsoon build-up from May into June (Figure 3.4a), the maximum increase in 
cloudiness occurs in latitudes 10° N – 20° N.  At the height of the monsoon (July into 
August, Figure 3.4b), the zone of maximum increase in cloudiness pushes to 25° N, 
and then drops to 5° N – 15° N during the monsoon dissipation phase (September into 
October, Figure 3.4c). 
3.3. Diurnal variation of clouds and convection 
Previous studies to depict the diurnal cycle of clouds and precipitation over 
the Indian monsoon region have used various sources of information.  Yang and 
Slingo (2001) used the European Union Cloud Archive User Service data set to infer 
clouds from 11-12 m brightness temperature.  This data set is based on the ISCCP 
B3 data with spatial resolution of 0.5° sampled at 30 km and temporal resolution of 3 
hours.  For the period of the study, only polar orbiter data are included in the ISCCP 
data over India, so the diurnal cycle is not well-represented in this region.  Roca and 
Ramanathan (2000) reported on the diurnal variation of convective clouds based on 
cloud size, as derived from 3-hourly INSAT 10.5 – 12.5 m data.  Their study 
focused mainly on clouds during the winter monsoon season.  Sorooshian et al. 
(2002) evaluated convection over the Bay of Bengal and Calcutta from microwave 
and radar measurements of rainfall from the TRMM satellite.  Janowiak et al. (1994) 
used passive microwave data from the Special Sensor Microwave/Imager (SSM/I) 
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Figure 3.4. Difference in monthly mean cloud amounts (%) for daylight hours for 
a) June minus May 2001, b) August minus July 2001, c) October 
minus September 2001. 
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instrument onboard polar orbiting Defense Meteorological Satellite Program (DMSP) 
satellites to determine the diurnal cycle of rainfall.  Diurnal characteristics were 
inferred by using several DMSP satellites with different nodal crossing times for a 
total of six observations per day with a gap from 0930 to 1710 Local Standard Time 
(LST).  Islam et al. (2004) tracked the diurnal cycle of clouds and precipitation in 
Bangladesh and a small part of the Bay of Bengal with IR brightness temperature data 
from the Japanese GMS-5 and radar data from the Bangladesh Meteorological 
Department.  Sen Roy and Balling (2007) examined data from 78 land-based rain 
gauges over the Indian subcontinent for the summers of 1980 – 2000.  A few studies 
have employed Meteosat-5 in a different context than the current study.  Zuidema 
(2003) contrasted convection in the Bay of Bengal for two years based on IR 
brightness temperatures from INSAT in 1988 and Meteosat-5 in 1999.  Krishnamurti 
and Kishtawal (2000) and Barros et al. (2004) used a combination of Meteosat-5 IR 
brightness temperature data along with rainfall observations from TRMM for studies 
of convection in the Asian monsoon region.  The former study focused solely on a 
break period of the monsoon to detect a diurnal mode of convection, and did not 
address monsoon characteristics.  The latter investigation concentrated on convection 
patterns in the Tibetan Plateau, Himalayas, and Ganges Basin.  
The current study adds to these results in several ways.  It offers a new cloud 
detection algorithm that incorporates visible satellite imagery along with brightness 
temperature information and exploits the high temporal resolution of Meteosat-5.  It 
encompasses a large area and contrasts the behavior of clouds in different parts of the 
monsoon region.  Finally, it aggregates cloud observations in terms of pre-monsoon, 
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peak-monsoon, and post-monsoon time frames to better understand the evolution of 
cloud patterns as the monsoon progresses. 
3.3.1. Daytime diurnal cycle of clouds 
The amplitude of the daytime diurnal cycle of low clouds and high clouds is 
shown in Figure 3.5.  The amplitude is defined as the difference between the 
maximum and minimum percentage of cloud amount for daylight hours for each day, 
averaged over the pre-monsoon, peak-monsoon, and post-monsoon seasons of 2003.  
The low and high cloud classifications are based on cloud top temperature as seen 
from the satellite.  As such, a high cloud classification does not preclude the presence 
of low clouds underneath, or a low cloud base as in the case of deep convective 
clouds. 
In the pre-monsoon season (top panels) cloud fraction is low throughout the 
region and there is very little diurnal variation in low cloud amount (Figure 3.5a).  
The exception is just north of the Bay of Bengal, where moisture from southerly flow 
over the bay condenses when it encounters the Himalaya range, leading to a stronger 
diurnal cycle.  There is more diurnal variability in high clouds over the southern 
peninsula and the Tibetan Plateau (Figure 3.5b).  Over oceans, the amplitude of the 
diurnal cycle of high clouds is much smaller, in agreement with Bergman and Salby 
(1996), who found a nearly uniform diurnal cycle of tropical oceanic convection.   
In the peak-monsoon season (middle panels) low cloud diurnal variability 
increases strongly over land with the northward push of monsoon clouds (Figure 
3.5c).  Despite the increase of convective clouds in the southern Arabian Sea, diurnal 





Figure 3.5. Amplitude of diurnal cycle of low cloud amount (left panels) and high 
cloud amount (right panels) averaged over the (a, b) pre-monsoon, (c, 
d) peak-monsoon, and (e, f) post-monsoon seasons. 
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showed that only non-convection marine low-level clouds exhibit large diurnal 
variability.  High cloud amount becomes more variable in northern India but is 
reduced sharply over the Tibetan Plateau (Figure 3.5d).  In the post-monsoon season 
(Figures 3.5e,f), diurnal variability is still high in the eastern part of the southern 
peninsula, which receives most of its annual rainfall in October, but the retreat of the 
monsoon is evident with a reduction in the amplitude of the diurnal cycle of clouds in 
the northern parts of the subcontinent. 
To illustrate the variability of the diurnal cycle in different parts of the Indian 
monsoon region with emphasis on the times at which clouds most frequently occur, 
six points have been chosen for analysis (Figure 3.6).  The points are chosen based on 
the location of the largest changes in cloud amount between the different monsoon 







Point 1:   20.0o N     67.5o E 
Point 2:   10.0o N     70.0o E 
Point 3:   30.0o N     82.5o E 
Point 4:   17.5o N     82.5o E 
Point 5:   17.5o N    90.0o E 
Point 6:   10.0o N     85.0o E 
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seasons (as shown in Figure 3.4) to capture the most dynamic cloud regimes.  Figure 
3.7 gives the mean total cloud amount at these points averaged over the 2001 (a) pre-
monsoon, (b) peak-monsoon, and (c) post-monsoon season for hours 0800 – 1500 
LST.  In the pre-monsoon season the diurnal cycle is rather flat at most locations, 
although the northern Arabian Sea and both points in the Bay of Bengal display a 
morning maximum of clouds.  In the peak-monsoon season, all points show a U-
shape distribution, with diminishing cloud amounts in the middle of the day.  A 
pronounced afternoon build-up of clouds is observed in the Tibetan Plateau.  
Afternoon cloudiness dominates at nearly every location in the post-monsoon season. 
The breakdown of frequency of occurrence of low clouds (left column) and 
high clouds (right column) is given in Figure 3.8 for the 2001 pre-monsoon (top row), 
peak-monsoon (middle row), and post-monsoon (bottom row) seasons.  There are 
several notable features of the distributions.   The northern Arabian Sea is dominated 
by low clouds in the peak-monsoon season, indicating that although the northward 
progression of the monsoon brings an increase in cloud cover to the region, it is not of 
a convective nature.  These clouds have maximum frequency in the morning.  
Alternatively, the southern Arabian Sea has more high cloud cover than low during 
both the pre- and peak- monsoon seasons and there is little diurnal variability for 
either type.  Cloud behavior in the southern Bay of Bengal is quite similar to the 
southern Arabian Sea.  For all seasons, the Tibetan Plateau is dominated by low 
clouds which peak in the afternoon.  In coastal India and the northern Bay of Bengal, 





Figure 3.7. Diurnal variation of total cloud amount (%) for a) pre-monsoon (Mar – 
May), b) peak-monsoon (Jun – Sep), and c) post-monsoon (Oct – Nov) 
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Figure 3.8. Diurnal variation of frequency of occurrence of low cloud (left 
column) and high cloud (right column) for pre-monsoon (Mar – May; 
top row), peak-monsoon (Jun – Sep; middle row), and post-monsoon 
(Oct – Nov; bottom row) season 2001 for the hours of 8 – 15 LST for 
points shown in Figure 3.6. 
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seasons, with a slight increase in afternoon low clouds during the post-monsoon 
season.  The only noticeable diurnal signal in high clouds at these points occurs with 
the afternoon build-up of convective clouds during the peak of the monsoon. 
3.3.2. Daytime diurnal cycle of convection 
Since the majority of the monsoon rainfall is linked to convection, it is 
beneficial to analyze convective clouds separately from the total cloud amounts.  
Figure 3.9 shows the frequency of occurrence of convection for selected daytime 
hours throughout the Indian monsoon region during the peak-monsoon season 2001.  
The daytime diurnal maximum of convection occurs in the afternoon over both land 
and water, although the peak is earlier (1300 LST) at ocean points.  The diurnal 
variation over the Bay of Bengal is consistent with the patterns reported in Zuidema’s 
(2003) study of convection over the Bay during the 1998 and 1999 monsoon seasons. 
Many studies of the tropics as a whole agree that convection over land reaches a 
maximum in late afternoon (e.g. Gray and Jacobson 1977; McGarry and Reed 1978; 
Murakami 1983; Janowiak et al. 1994; Dai 2001; Gambheer and Bhat 2001; Nesbitt 
and Zipser 2003; Islam et al. 2004).  The time of maximum frequency of convection 
for the analysis point in coastal India matches the value derived by Sen Roy and 
Balling (2007) using land-based rain gauges.  An early morning maximum in tropical 
ocean convection has been reported by Sui et al. (1997), Yang and Slingo (2001), and 
Dai (2001).  This is attributed to higher relative humidities and the nocturnal nature of 




Figure 3.9. Frequency of occurrence of convective clouds at selected daytime 
hours for the peak-monsoon season (Jun – Sep) 2001.  
 
study do not cover the non-daylight hours, this diurnal feature is neither confirmed 
nor contradicted.  However, other studies do agree with the observed afternoon 
convective peak over tropical oceans seen here.  Both ship and satellite data 
employed by McGarry and Reed (1978) in their study of the Global Atmospheric 
Research Program's (GARP) Atlantic Tropical Experiment (GATE)  
region yielded a convective cloudiness/rainfall maximum at 1400 LST, seemingly 
associated with large-scale convergence.  Sorooshian et al. (2002) analyzed TRMM 
data in the Bay of Bengal and observed an extended period of convective rainfall that  
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Figure 3.10. Mean temperature of convection (K) for selected daylight hours for 
peak-monsoon season (Jun –Sep) 2001. 
 
began in early morning hours and reached its peak at 1400 LST, while Islam et al. 
(2004) found the maximum in the bay to occur between 1400-1600 LST.  Gambheer 
and Bhat (2001) reported a peak in formation of new convective systems in the waters 
surrounding India between 15 and 24 LST.  At the Tropical Ocean Global 
Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) 
observation site in the western Pacific, Sui et al. (1997) noted that the deepest 
convection displayed an early morning ocean maximum, but warmer convective 
clouds were most frequently observed in the afternoon due to the diurnal cycle in 
ocean skin temperature.  These results were corroborated by Janowiak et al. (1994), 
who found that clouds with IR brightness temperatures > 235 K appeared mainly in 
09 LST 11 LST 
13 LST 15 LST 
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the afternoon.  Figure 3.10 shows the mean temperature of convection averaged over 
the 2001 peak-monsoon season (for selected daytime hours).  The main feature to 
note is that the coldest convection occurs in the earlier hours over ocean and in the 
later hours over land.  This agrees with reports of the strongest ocean convection 
occurring in the early morning hours (not included in this study) and the conclusion 
that the secondary afternoon peak in ocean convection occurs within warmer cells.   
3.4. Comparison to numerical model cloud analyses 
The cloud information from Meteosat-5 can be used to diagnose the 
shortcomings in numerical model cloud analyses.  Numerical model representation of 
clouds impacts the physics that drive the monsoon rainfall predictions.  Identifying 
errors in model cloud representation through validation with satellite-derived cloud 
information can lead to model improvement.  Presented here are comparisons of 
Meteosat-derived total cloud amount over the Indian monsoon region versus two 
model sources: the ERA-40 Re-analysis (Uppala et al. 2005), are-analysis of the 
numerical weather prediction model run by the European Centre for Medium-Range 
Weather Forecasts (ECMWF), and the NCEP/NCAR Re-analysis (Kistler et al. 
2000), a re-analysis of NCEP model data enhanced by assimilating other 
observational data sources. 
Figure 3.11 shows an instantaneous picture of total cloud amount at 06 UTC 
on 1 July 2001 from Meteosat-5 (Figure 3.11a), ERA-40 (Figure 3.11b), as well as 
the actual IR and visible satellite imagery for the corresponding time (Figures 3.11c 
and 3.11d, respectively).  The Meteosat-5 cloud amounts are gridded at 0.125° 
resolution.  The ERA-40 Re-analysis data are also shown at 0.125° resolution, but 
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smoothing is apparent since it was interpolated from the ECMWF model output on an 
N80 reduced Gaussian grid with approximate resolution of 1.125°.  The NCEP data 
are not shown because of the much larger disparity in resolution, (~ 2°) for the T62 
Gaussian grid.  The ERA-40 Re-analysis shows a pronounced over-analysis of clouds 
in comparison to the satellite-derived clouds, which are in close agreement with the 
actual satellite imagery. 
A more comprehensive analysis is used to determine whether the model over-
analysis of clouds seen in Figure 3.11 represents a trend.  It is of interest to know how 
a) b) 
c) d) 
Figure 3.11. Total cloud amount (%) at 06 UTC on 1 July 2001 from a) 
Meteosat-5 cloud analysis, b) ERA-40 Re-analysis; Meteosat-
5 image from c) IR channel, d) visible channel. 
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the models perform as a function of season as well as geographical location.  To 
address these concerns, an analysis is performed for each month of the Asian 
monsoon season for the year 2001 (Figure 3.12).  The cloud data are further broken 
down by location using the six data points in Figure 3.6 to contrast the various cloud 
regimes. Data from 06 UTC are chosen for the comparison as the model data are 
available in 6-hourly increments (00, 06, 12, and 18 UTC) daily, and 06 UTC is a 
daylight hour for the entire Meteosat-5 domain in this study.  The ISCCP D1 data are 
also included for comparison.  To address concerns that spatial resolution of the 
products may affect the analysis, the Meteosat-5 data are up-scaled to 2.5° resolution 
and the 2.5° version of the ERA-40 Re-analysis is used to match the ISCCP D1 
resolution.  The NCEP/NCAR re-analysis resolution is comparable at ~2°. Of the four 
data sources, the ERA-40 Re-analysis consistently produces the highest cloud 
amounts at all points throughout the season.  On average, the ISCCP D1 cloud 
amounts are the next highest, followed by the NCEP/NCAR Re-analysis.  Meteosat-5 
cloud amounts are generally lower than the others.  This occurs in part because the 
more detailed analysis at 0.125° resolution detects more breaks between clouds.  
When the high resolution data are averaged in the up-scaling process, the 0% cloud 
amounts in the breaks reduce the overall average in the 2.5° grid box.   
Chevallier and Kelly (2002) found that the spatial correlation between clouds 
derived from ECMWF and Meteosat-5 was lower over land than ocean.  In this 
evaluation, agreement between all cloud sources is best over the northern parts of the 
Arabian Sea and Bay of Bengal, while larger variation exists in the southern parts of 
the water regions.  The largest disparity in cloud amounts occurs for the Tibetan  
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Plateau, where snow and highly variable terrain increase the difficulty of analysis, 
forecasting, and satellite retrieval of clouds.   
Agreement between the various data sets is best at the beginning and the end 
of the monsoon season, with more variability during the peak monsoon months.  The 
lack of agreement in cloud forecasts during this time frame confirms the well-
documented shortcomings of numerical models in predicting the Indian monsoon 
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FFigure 3.12. Comparison of monthly mean total cloud amount (%) at 06 
UTC for each month of the 2001 monsoon season for Meteosat-
5, ERA-40 Reanalysis, NCEP/NCAR Re-analysis, and ISCCP 




Chapter 4:  Revisiting the “Elevated Heat Pump” 
Hypothesis 
4.1. Background 
The role of aerosols in the monsoon system and the need to address them in 
numerical models is gaining attention (Lau et al. 2006; Babu et al. 2004; Chung et al. 
2002).  Increased availability of aerosol data from in situ observations and remote 
sensing platforms makes this a promising area of exploration.  Aerosols pose a 
complex problem due to their competing effects of both reflecting and absorbing solar 
radiation.  Certain aerosol types, such as volcanic ash, tend to cause temperature 
decrease at the earth’s surface by reflecting incoming solar radiation—the so-called 
“solar dimming” effect (Stanhill and Cohen 2001; Wild et al. 2004).  Conversely, 
dust, black carbon, and other aerosols produce an atmospheric heating effect by 
absorbing solar radiation.  Recent studies of aerosol effects on the Indian monsoon 
resulted in somewhat conflicting conclusions.  Results from general circulation model 
(GCM) simulations have shown that solar dimming from aerosols can decrease the 
intensity of the Indian monsoon on multi-decadal time scales by weakening the land-
sea temperature gradient in the region (Ramanathan et al. 2005).  Alternatively, 
aerosol-induced atmospheric heating has been linked to a strengthening of the 
monsoon in southern China, northern India, and the Bay of Bengal by impacting 
circulation patterns, vertical motions, and atmospheric stability (Menon et al. 2002; 
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Lau et al. 2006).  These conflicting findings illustrate the necessity for further 
investigation into aerosol impacts on the monsoon. 
The high-resolution cloud analyses derived from Meteosat-5, along with 
supplementary observational data provide an opportunity to examine the “Elevated 
Heat Pump” (EHP) hypothesis proposed by Lau et al. (2006).  The basic premise of 
the hypothesis is that absorbing aerosols such as black carbon from northern India 
and dust from the deserts of western China, Afghanistan, Pakistan, and southwest 
Asia stack up against the foothills of the Himalayas in the pre-monsoon season and 
cause anomalous upper-tropospheric warming in the Tibetan Plateau region.  The 
aerosol transport is evident in Figure 4.1, which shows the long-term mean of the 
general circulation near the surface in April.  A relatively strong band of westerlies 
extends from the deserts of southwest Asia toward the Indo-Gangetic Basin (IGB) at 
the base of the Himalayas.  A southerly wind from northeast India contributes 
industrial black carbon to the aerosol load in the IGB.  The hypothesis proposes that 
warming by aerosol absorption causes the air to rise and act as an “Elevated Heat 
Pump”, drawing in moist air from the Indian Ocean and bringing an early onset of the 
Indian monsoon and a northwestward shift in monsoon rainfall.  The sinking motion 
that completes the meridional circulation also shifts northward, such that the southern 
part of the Indian subcontinent experiences dryer-than-normal conditions in the early 
part of the peak-monsoon season.  Impacts on rainfall extend farther than the 
subcontinent itself, as the heat low established over the Tibetan Plateau is balanced by 
an elongated surface high pressure ridge oriented southwest to northeast from the 
northwestern Pacific through the northern South China Sea and southern Bay of 
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Bengal into the central Indian Ocean.  This pushes the typical Mei-yu rain belt 
northward and suppresses precipitation in the northern Indian Ocean, eastern China, 
and the western Pacific, while increasing rainfall totals in central India, the northern 
Arabian Sea, the northern Bay of Bengal, central China, and Korea.  These 
conclusions were reached based on a 10-year run of the NASA finite-volume GCM 
with and without aerosol forcing. 
The role of the Tibetan Plateau as an elevated heat source has long been 
recognized as one of the driving mechanisms of the Asian monsoon (Flohn 1968; Yeh 
1981; Murakami 1987; Ueda and Yasunari 1998).  Li and Yanai (1996) observed that 
the reversal of the meridional temperature gradient due to intense heating of the 
Tibetan Plateau in springtime coincides with the onset of the monsoon.  The heating 
of the plateau prior to monsoon onset is mainly due to sensible heat flux in the semi-
arid western part of the Plateau and latent heat flux in the more humid eastern region 
(Flohn 1968; Yeh and Gao 1979; Luo and Yanai 1984; He et al. 1987).  Taniguchi 
and Koike (2007) also showed that latent heat release from convective activity is 
responsible for heating through the depth of the troposphere in the eastern plateau, 
even before the rainy season begins.  The EHP hypothesis suggests that warming 
caused by absorbing aerosols provides another mechanism to enhance the heating of 
the Tibetan Plateau.  The potential impact of aerosol absorbing effects is magnified in 
this situation since the mass of the atmosphere above the plateau is roughly half of 
that near sea level and any heat added warms the air more effectively than over low-
level terrain (Yeh 1981).  This can further strengthen the thermally induced  
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Figure 4.1.   Long term mean (1968-1996) 1000 mb wind vectors for April from 
NCEP/NCAR Re-analysis.  Colors represent wind speed in m/s. 
 
circulation that draws in moisture from the Indian Ocean, bringing potential for 
increased convection.   
Preliminary validation of the hypothesis was conducted by Lau and Kim 
(2006).  Four high-aerosol years (1980, 1985, 1988, and 1991) and four low-aerosol 
years (1982, 1983, 1990, and 1992) were selected for the analysis based on the Total 
Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) (Hsu et al. 1999).  The 
TOMS AI is a measure of how much the observed wavelength dependence of UV 
radiation backscattered from aerosols differs from that due to pure molecular 
scattering.  The data record runs from 1978 through 2006, although data collected 
after mid-2000 are unsuitable for trend analysis due to inhomogeneous degradation of 
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the instrument’s scanner mirror. Details of the problem can be found on the TOMS 
web site at: http://toms.gsfc.nasa.gov/news/news.html.  
Figure 4.2 shows the TOMS AI values for May of each year used in the 
analysis of Lau and Kim (2006).  Of the high-aerosol years, 1988 and 1991 have 
significant levels of aerosols in IGB with an AI of 3 or more.  Of the low-aerosol 
years, 1982 and 1983 have AI values less than 2 in the IGB.  The remaining 2 years in 
each category are less extreme, with an average AI value between 2.25 – 2.50.  
Evaluation of the hypothesis was performed using rainfall observations from the  
 
 
Figure 4.2. TOMS aerosol index for May of the years used in the study by Lau et 
al. (2006).   High aerosol years are shown in top row and low aerosol 
years are shown in bottom row. 
 
      May 1980                May 1985                May 1988                May 1991 
      May 1982                May 1983                May 1990                May 1992 
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Global Precipitation Climatology Project (GPCP) (Huffman et al. 1997) and 
temperature and wind fields from the NCEP/DOE-R2 reanalysis data (Kanamitsu et 
al. 2002) composited separately for the high- and low-aerosol years.  In agreement 
with the hypothesis, the following features were found in the high aerosol years: 
Composite rainfall data showed an increase in precipitation in northern India in the 
early part of the season, spreading to all of India in June and July, and decreasing in 
August; enhanced ascent of warm air along the Himalayan foothills in May was 
evident in the composite wind fields; statistically significant correlation between high  
aerosol levels and warm upper tropospheric temperature anomalies in northern India 
and the Tibetan Plateau were found.  An opposite behavior was observed during the 
low aerosol years.  
Bollasina and Nigam (2008) conducted an evaluation of the EHP hypothesis 
using regressions of various parameters such as precipitation, diabatic heating, winds, 
and radiative fluxes on the TOMS AI for May of the years 1979-1992.  In contrast to 
the results of Lau and Kim (2006), they concluded that high aerosol loads in the IGB 
are associated with deficient precipitation throughout India in early spring. 
Additionally, their results suggest that land-surface processes set in motion by high 
aerosol concentrations, rather than the EHP mechanism, led to stronger monsoon 
rainfall during the months of June and July. 
The approach used in the current work utilizes newly available information on 
several crucial parameters for confirming the existence of the EHP hypothesis.  In 
contrast to the previous studies that used TOMS AI, the springtime aerosol load in the 
IGB is determined from aerosol optical depth retrieved from MODIS and MISR, 
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which provide an improved representation of the total columnar aerosol optical depth 
as compared to the TOMS AI.  Cloud and convection data used in the analysis are 
obtained from hourly Meteosat-5 satellite observations processed at 0.125° resolution.  
The high spatial resolution of this product allows a detailed investigation of cloud 
patterns in the Himalaya foothills region where much of the EHP effect is proposed to 
play out, and the high temporal resolution gives a good measure of the frequency of 
occurrence of convection.  Finally, the monsoon behavior during individual years is 
analyzed in relation to the aerosol load in the IGB for each year.  This approach is 
favored over analyzing the composite of several years because the predicted patterns 
should be evident during extreme aerosol years if the EHP mechanism is operating as 
hypothesized. 
4.2. Experiment design 
4.2.1. Data 
The determination of aerosol loading was made by analyzing aerosol 
retrievals from MODIS and MISR.  Figure 4.3 shows the time series of monthly mean 
aerosol optical depth (AOD) in the IGB from April 2000 – December 2005 for both 
sensors.  AOD peaks around June under the influence of both industrial pollutants and 
dust and washes out rapidly with monsoon precipitation.  Both data sources agree that 
2004 had the highest aerosol content.  MODIS shows 2001 as the lowest aerosol year 
of the decade, while the lowest MISR aerosol retrieval occurred in 2005.  Prasad and 
Singh (2007) compared MODIS and MISR AOD to ground-based observations in the 
IGB from AERONET for the years 2000-2005.  They found that MISR retrievals 
were in closer agreement to ground observations than MODIS for both winter and 
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summer seasons, attributable to the multiple viewing angles and spectral resolution of 
the MISR instrument.  The use of monthly mean aerosol information precludes a 
detailed examination of the effect of rainfall scavenging on the reduction of aerosols 
as the monsoon evolves.  However, the EHP hypothesis is built on the impact of 
warming due to the aerosol load in the pre-monsoon season, before washout by 
monsoon precipitation.  Monthly mean aerosol information sufficiently characterizes 
the load for pre-monsoon months.  
Radiance observations from Meteosat-5 at hourly resolution are used to 
determine cloud amount and frequency of occurrence of convection.  Total and 
convective cloud amounts are derived using the method described in Chapter 2.  
Since the cloud detection method is limited in its ability to accurately detect clouds at 
night when visible data are unavailable, the cloud data used in the study are based 
only on daytime values. The lack of nighttime cloud data does not appear to hamper 
the analysis for several reasons.  First, clouds and convection are analyzed in a 
relative sense of high-aerosol year versus low-aerosol year, so absolute values of 
cloud amount and convection have lesser importance.  Next, the percentage of 
convection missed overnight in the areas of interest is small because convection over 
land peaks in late afternoon in the Indian monsoon region (Gray and Jacobson 1977; 
Dai 2001; Islam et al. 2004.).  Third, cloud patterns derived from Meteosat-5 show 
close agreement with rainfall amounts from other sources, indicating that they 
adequately represent the convection.  
As in the study by Lau and Kim (2006), temperature data from the 





Figure 4.3. Monthly mean daytime aerosol optical depth at 0.55 m in the Indo-
Gangetic Basin as derived from a) MISR, and b) MODIS. 
 
the hypothesis validation.  Additionally, rainfall information from ground based 
observations from the IITM at Pune are used. The rain gauge network consists of 306 
stations, and monthly mean rainfall amounts are computed for 30 subdivisions in 






The years 2000 – 2005 were used for the study based on the overlap between 
availability of aerosol information from modern sensors and the Meteosat-5 satellite 
imagery used to derive cloud amount and convection.  In light of the aerosol 
retrievals shown in Figure 4.3, the following classifications are made: 2004 = high-
aerosol year; 2001 and 2005 = low-aerosol years; 2000, 2002, and 2003 = moderate-
aerosol years. The following verifiable aspects of the proposed EHP effect are  
 
Figure 4.4. Meteorological subdivisions of India used to compile rain gauge data 
from the IITM at Pune. 
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assessed in relation the aerosol load for each year: (1) the temperature above the 
Tibetan Plateau region during April should be higher in the high aerosol year due to 
aerosol absorption of shortwave radiation, (2) convection and precipitation in the 
foothills of the Himalayas and in northern India should be higher in May during the 
high aerosol year due to the early onset of the monsoon, (3) convection and 
precipitation in southern India should be lower in June in the high aerosol year due to 
the northward shift in the subsiding branch of the meridional circulation over India, 
(4) convection and precipitation for the peak-monsoon season in the high aerosol year 
should be higher in northern India and the Bay of Bengal, and lower in eastern Asia, 
the northern Indian Ocean, and the western Pacific. 
4.3. Experiment results 
4.3.1. Temperature 
According to the EHP hypothesis, in the high-aerosol year the Tibetan Plateau 
should undergo anomalous upper tropospheric warming in April due to absorption of 
shortwave radiation by aerosols.  Figure 4.5 shows the April 400 mb temperature 
anomaly from the NCEP/DOE-R2 Reanalysis for the high aerosol year.  The anomaly 
is based on climatology from 1968-1996.  Although anomalous warming is observed 
over the Tibetan Plateau in the high-aerosol year, the center of the anomaly is located 




Figure 4.5.  400 mb temperature anomaly (°C) from NCEP/DOE-R2 Reanalysis 
for April 2004.  
 
4.3.2. Clouds and convection in pre-monsoon season 
According to the hypothesis, the anomalous warming observed over the 
Tibetan Plateau should accelerate the monsoon cycle and shift precipitation 
northward, resulting in enhanced convection in the foothills of the Himalayas in May 
during a high-aerosol year.  The difference between frequency of occurrence of 
convection in the foothills for May 2004 and May of the other years of the study is 
shown in Figure 4.6.  Frequency of occurrence of convection is computed for each 
point in the domain as the number of daytime hours in the month in which cloud top 
temperature and optical depth meet the convective cloud criteria described in Chapter 
2.  In Figure 4.6e there is evidence of an increase in convection in the high-aerosol 
year in comparison to 2005, the lowest aerosol year.  This gives some weight to the 
prediction that the high aerosol load accelerates the monsoon onset.  However, there 
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Figure 4.6. Difference in frequency of occurrence of convection for May of a) 2004-
2000, b) 2004-2001, c) 2004-2002, d) 2004-2003, e) 2004-2005. 
 
Figure 4.6b).  In fact, the largest increase in convection occurs relative to 2003, which 
should be unrelated to the EHP hypothesis since it is a moderate-aerosol year. 
The frequency of occurrence of convection in the Himalaya foothills region 
derived from Meteosat-5 agrees well with rain gauge data collected by the IITM. 
Table 4.1 shows the May rainfall totals for the years 2000 – 2005 for 4 subdivisions 
located in the Himalaya foothills region as shown in Figure 4.4.  The data confirm  
that 2004 precipitation was higher than 2003 and 2005 in all subdivisions and lower 
than 2001 in all but the easternmost subdivision. 
In addition to the proposed increase in convection in the foothills region, the 
simulations of Lau et al. (2006) predict a northward shift in precipitation during May 
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Table 4.1. May rainfall totals derived from IITM rain gauge data for subdivisions 





of the high aerosol year, with enhanced activity located north of 20° N.  Figure 4.7 
shows the difference in frequency of occurrence of convection for all of India 
between May of 2004 and the average of the months of May for the mid- and low-
aerosol years.  In contrast to what is expected, a significant increase in clouds and 
convection occurred during the high-aerosol year in southern India and the southern 
parts of the Arabian Sea and Bay of Bengal.  The majority of the region north of 20° 
N experienced a decrease in convection during 2004.  The similarity in patterns for 







Figure 4.7. Difference in frequency of occurrence of convection derived from 
Meteosat-5 for a) May 2004 – average of May for the low-aerosol 
years, and b) May 2004 – average of May for the mid-aerosol years.  
 
 Sub 3 Sub 5 Sub 9 Sub 10 Sub 11 Sub 13 Sub 14 
2000 3152 2995 1551 505 382 365 440 
2001 2331 2933 1406 404 352 773 507 
2002 2191 1241 926 340 407 748 332 
2003 2137 1865 549 34 65 141 61 
2004 3646 2285 830 231 347 537 484 
2005 2872 1982 254 129 104 107 13 
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a)    b) 
 
Figure 4.8. Difference in frequency of occurrence of convection derived from 
Meteosat-5 for a) June 2004 – average of June for the low-aerosol 
years, and b) June 2004 – average of June for the mid-aerosol years.  
 
the mid- and low-aerosol years seems to indicate that the aerosol loading in the IGB 
is not a major influence on the convective activity.  
4.3.3. Clouds and convection in peak-monsoon season 
Throughout the peak monsoon season (June – September) there are some 
discrepancies between the behavior predicted by the EHP hypothesis and the actual 
turn of events.  By June, the subsiding branch of the meridional circulation that 
balances the forced ascent in the foothills should be well-established, causing a 
decrease in convection in southern India in the high-aerosol year.  This aspect of the 
hypothesis is evident in Figure 4.8, which shows the difference in frequency of 
occurrence of convection between June of 2004 and the average of the months of 
June for the mid- and low-aerosol years.  The convection patterns in southern India 
are reversed from May, with less convection occurring in the high-aerosol year.  Note 
however that this pattern holds throughout the entire sub-continent, whereas the  
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Figure 4.9. Frequency of occurrence of convection derived from Meteosat-5 for 








hypothesis prescribes that precipitation in the north in 2004 should still exceed that in 
the low-aerosol years because of the early progression of the monsoon.   
Frequency of occurrence of convection for each July of 2000 – 2005 is 
displayed in Figure 4.9.  The year 2004 is second only to 2002 (an extremely notable 
drought year) as the year with the least amount of convection in the Indian 
subcontinent.  The year 2001 had the highest occurrence of convection, and 2005 had 
a healthy amount as well.  This contradicts the hypothesis, which predicts more 
precipitation in the high aerosol year. 
As shown in Figure 4.10, it is not until August that convection in northwest 
India and the northern Bay of Bengal in the high-aerosol year exceeds that in the low- 
aerosol years.  This is again contradictory to the hypothesis, which asserts an early 
start to the monsoon and an early drawdown to the season.   
Figure 4.11 shows the difference in overall rainfall patterns for the combined months  
 






Figure 4.10. Difference in frequency of occurrence of convection derived from 










Figure 4.11. Difference in GPCP rainfall (mm/day) for a) JJA 2004 – JJA 2001, b) 
JJA 2004 – JJA 2005. 
 
of June, July, and August for the high aerosol year minus the low aerosol years. 
Precipitation is derived from the GPCP database.  There is less precipitation 
throughout most of India, the northern Bay of Bengal, and eastern China during the 
high-aerosol year.  Positive rainfall differences occurred in the southern parts of the 
Arabian Sea and Bay of Bengal, central China, and Korea.  These patterns are in stark 
contrast to what was predicted by the EHP hypothesis in the region of India and its 
surrounding waters, although they do agree over China and Korea. 
4.4. Interpretation of results 
While it would have been interesting to perform the current analysis for the 
years used by Lau and Kim (2006), the sources of high resolution cloud and aerosol 
information chosen for this study were not available until 1998 and 2000, 
respectively.  Therefore, the years 2000 – 2005 were used for the study based on the 
overlap between availability of aerosol information from modern sensors and the 
Meteosat-5 satellite imagery used to derive clouds and convection.  If the EHP 
hypothesis truly characterizes the impact of aerosols on monsoon behavior, its effects 
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should be evident when comparing 2004, which had the highest aerosol load of the 
decade, with low aerosol years such as 2001 and 2005.  While some of the behavior 
predicted by the EHP hypothesis was observed to occur in this study, many events 
unfolded contrary to what was anticipated.  Several possible reasons for why the 
observations did not agree with the predictions are explored here. 
4.4.1. Global influences on monsoon rainfall 
Global teleconnections have been found between Indian Summer Monsoon 
Rainfall (ISMR) and various atmospheric and oceanic patterns outside the Indian 
monsoon region.  Of the numerous indicators, some of the most prominent are El 
Nino/Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and 
Eurasian snow cover.  Analysis of the record of ISMR for the last century shows a 
strong correlation between drought years and the warm phase of ENSO (Kumar et al. 
2006; Chakraborty and Krishnamurti 2003; Krishnamurthy and Goswami 2000, 
Rasmussen and Carpenter 1983).  A high winter value of the NAO Index, which 
measures the strength of mid-latitude westerlies in the North Atlantic, has been linked 
to deficient monsoon rainfall the following summer (Kakade and Dugam 2006; 
Dugam et al. 1997). Additionally, an inverse relationship has been observed between 
the amount of Eurasian snow cover and ISMR ((Hahn and Shukla 1976; 
Parthasarathy and Yang 1995; Bamzai and Shukla 1999).  These factors would not 
have been captured by the model simulation used to develop the EHP hypothesis, so 
it is possible that their influence could mask or take precedence over the EHP effect.  























































































Figure 4.12. a) All India Rainfall from Jun – Aug for the years 2000 – 2005 (dashed 
line gives average seasonal rainfall for the period 1871 – 2002), b) 
Eurasian snowfall anomaly, NAO Index, and ENSO Index for the 
same years. 
 
of these teleconnections had a strong impact on monsoon behavior for the period of 
interest.  
To address this possibility, the inter-annual variability of the aforementioned 
factors has been compared to the variation in monsoon conditions seen for the years 
2000 – 2005.  Figure 4.12a shows the All India rainfall for June – August as derived 
from the IITM rain gauge data.  The dashed line represents the average seasonal 
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rainfall from the period 1871 – 2002.  Figure 4.12b shows the Eurasian snow cover 
anomaly and the NAO and ENSO indices for 2000 – 2005.  The inverse relationship 
between Eurasian snow cover and ISMR was observed for the years 2000, 2002, and 
2004.  Snow cover was nearly neutral in 2001 and quite high in 2003, yet ISMR in 
both years was very close to average.  The year 2005 did not fit the pattern at all, as 
both snow cover and ISMR were lower than average.  The correlations between the 
NAO Index and ISMR nearly mirrored those of the Eurasian snow cover anomaly.  
The main differences were that the NAO Index was only weakly positive in 2004 
when rainfall was extremely low and it was not as high as the snow cover anomaly in 
2003.  Recent studies have shown that the relationship between the ENSO Index and 
ISMR has broken down in the last two decades (Kumar et al. 1999; Chang et al. 
2001).  In the period of interest, the ENSO Index showed a cold phase for the years 
2000 – 2002 and a warm phase for 2003 – 2005.  Therefore, 2004 and 2005 were the 
only years that fit the classic pattern of below-average rainfall during the warm phase 
of ENSO.  Based on these data, it appears that none of the teleconnections had a 
major influence on the monsoon evolution for the years of this study. 
4.4.2. Model inaccuracies 
Disparities in predicted monsoon behavior have been seen between fixed sea 
surface temperature (SST) models and coupled ocean-atmosphere models.  The 
model used by Lau et al. (2005) to develop the EHP hypothesis used fixed SSTs and 
predicted enhanced Asian monsoon rainfall.  Similarly, the study conducted by 
Menon et al. (2002) with a fixed SST model also found increased monsoon 
precipitation in parts of India and China and decreased precipitation in the northern 
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Indian Ocean.  Alternatively, simulations with coupled models by Ramanathan et al. 
(2005) and Meehl et al. (2007) resulted in less Asian monsoon precipitation.  When 
the SSTs were allowed to respond to the decreased solar radiation in northern India 
and surrounding waters due to aerosol absorption, the meridional SST gradient 
weakened.  Since this gradient is one of the major driving mechanisms of the 
monsoon, precipitation decreased in turn. 
Although climate models are valuable tools for assessing the impact of 
changes in individual variables, the results can be skewed by model deficiencies and 
biases, as well as inaccuracies in initial conditions.  Observation-based studies such as 
the current work are complementary to model simulations and can point to parts of 
the model that may need improvement.  In this case, the observations support the 
model’s prediction of upper tropospheric warming above the Tibetan Plateau but not 
the early onset, intensification, and early drawdown of the monsoon. 
4.4.3. Cloud microphysics 
Lau et al. (2006) acknowledge that the simulations leading to the EHP 
hypothesis address only direct aerosol effects (absorption and reflection of solar 
radiation), and that aerosol indirect effects could complicate matters.  The indirect 
effects of aerosols can take several forms.  In the first indirect effect (Twomey effect), 
aerosols act as cloud condensation nuclei to produce more numerous cloud droplets 
with smaller sizes.  This implies higher cloud reflectance and cloud optical depths.  
The second indirect effect (also called the cloud lifetime effect) directly follows: 
small cloud droplets are less efficient at generating precipitation, resulting in longer 
cloud lifetimes in polluted clouds than in cleaner clouds.  Additionally, absorption of 
 68 
solar radiation by aerosols heats the atmosphere and may cause evaporation of 
clouds—the so-called semi-direct effect.   
Evidence of this behavior of aerosols has been identified in the Asian 
monsoon region by numerous investigators.  Heymsfield and McFarquhar (2001) 
analyzed aircraft data from flights made through polluted and clean clouds in the 
Indian Ocean during INDOEX (Ramanathan et al. 2001) and found a three-fold 
increase in droplet concentrations and a 35% decrease in droplet effective size in 
polluted clouds.  Their simulations with a 1D parcel model further implied a doubling 
of cloud optical depth with the high aerosol concentrations.  Chylek et al. (2006) 
investigated the Twomey effect over the Indian subcontinent and surrounding waters 
using data from MODIS (Kaufman et al. 1997; Tanre et al. 1997).  The cloud droplet 
effective radii retrieved from MODIS in clean months (the average of September 
months of the years 2000 – 2004) were up to 33% smaller than those retrieved in 
polluted months (Januarys of 2000 – 2004).  Largest differences occurred in the land 
regions north of the Bay of Bengal, corresponding to regions of peak aerosol optical 
depth.  Ackerman et al. (2000) found that the semi-direct effect from the haze layer 
observed during INDOEX 1998 and 1999 was responsible for a 25% and 40% 
decrease in fractional cloud cover, respectively. 
Bollasina and Nigam (2008) observed that the semi-direct aerosol effect 
appeared to have a strong influence on pre-monsoon precipitation in the IGB.  Their 
regression of rainfall on the TOMS AI for the years 1979-1992 showed a link 
between high aerosol load and deficient springtime precipitation, which they 
attributed to dissipation of clouds through the aerosol semi-direct effect.  To  
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Table 4.2. Spatial correlation between MODIS AOD and frequency of convection 
derived from Meteosat-5 for May of 2000-2005 for the region bounded 





determine if such a link exists in the data used in the current study, the spatial 
correlation between MODIS AOD and Meteosat-5 derived frequency of occurrence 
of convection in the Himalaya foothills region in May was calculated for each year of 
the study period.  Results are shown in Table 4.2. The negative correlation is apparent 
for all years, albeit more strongly for some years.  
In explanation of the contrast between their findings and the enhancement of 
precipitation in the IGB in May observed by Lau and Kim (2006), Bollasina and 
Nigam (2008) noted the different mechanisms at work in the eastern and western 
parts of the IGB.  In the western region where the aerosol load is highest, 
precipitation appeared to be subdued by the aerosol semi-direct effect.  Some increase 
in precipitation was seen in the eastern region, where the large-scale circulation flows 
northward over the Bay of Bengal, picking up abundant moisture and rising 
orographically when it encounters the Himalayas.  Their results suggest that the high 
aerosol load in the west may affect the large-scale circulation in a manner that 
enhances this precipitation-producing mechanism in the east.  However, the aerosol 
load in the east is rather small and does not directly cause rising motion through the 
EHP mechanism.  Furthermore, they assert that since Lau and Kim (2006) used a 
2000 2001 2002 2003 2004 2005 
-0.58 -0.56 -0.67 -0.57 -0.57 -0.44 
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longitudinal average of precipitation across the IGB, the rainfall reduction in the west 
was masked by the activity in the east. 
The details brought forth by the high-resolution Meteosat-5 data support the 
conclusions of Bollasina and Nigam (2008).  Referring back to Figure 4.6, it is clear 
that the most significant increase in convection during the high-aerosol year occurs in 
the eastern regions.  The western part of the IGB predominantly shows decreases in 
convection, or slight increases interspersed with decreases.  Based on these results 
along with the negative correlation found between AOD and frequency of occurrence 
of convection, it appears that the aerosol semi-direct effect plays an important role in 
observed behavior of the monsoon for this period of study. 
4.4.4. Anomalies in 2004 
In 2004, not only did the enhanced precipitation predicted for India under the 
EHP hypothesis not materialize, but it was, in fact, a notable drought year.  Indian 
Summer Monsoon Rainfall (ISMR) lagged 13% below normal rainfall totals.  
Jenamani et al. (2007) produced an in depth study of the factors that characterized the 
failure of the 2004 monsoon, and found multiple culprits.  First, there was a decided 
shortfall of depressions in the region.  The three depressions that formed represent 
less than half of the number expected on the average.  Since the 1960s, the number of 
depressions formed during the monsoon season has been on a steady decline (Singh 
2001), but in years with few depressions there is often compensation from a higher 
number of persistent lows (Jenamani 2004).  This was not the case in 2004, when the 
number of lows was near-normal.  It was further noted that many of the semi-
permanent systems that are highly correlated with the strength of the monsoon were 
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in unfavorable positions in 2004, particularly during the month of July, which had the 
largest rainfall deficit.  The strength of the Mascarene High, which is key to the 
pressure gradient that drives the monsoon, was 1 – 2 hPa below normal.  The 
monsoon trough lay at the foothills of the Himalayas during much of July—too far 
north to produce typical monsoon rainfall on the Indian subcontinent.  The Tibetan 
Anticyclone which forms in the upper troposphere due to the heating effect of the 
Tibetan Plateau was displaced 5° southward of its usual position.  This type of shift is 
known to cause break periods in the monsoon.  Finally, southwesterly onshore flow 
from the low level jet in the Arabian Sea was weaker than normal, limiting the 
amount of moisture transported onto the subcontinent.  With all of these factors 
working against the development of a productive monsoon, it is possible that the EHP 
effect was overwhelmed in this particular year. 
4.5. Summary and Conclusions 
The high spatial and temporal resolution of Meteosat-5 satellite data along 
with improved aerosol information from sources such as MODIS and MISR provide a 
unique opportunity to investigate processes that affect the Asian monsoon.  This work 
exploits these capabilities to apply a different approach for evaluating the EHP 
hypothesis.  It was found that in some aspects, observations were in agreement with 
the hypothesis but not in all aspects of it.  
– Anomalous warming over the Tibetan Plateau was observed but 
appears too far north to be associated with the absorbing aerosols in 
the IGB 
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– Enhanced convection in the foothills of the Himalayas and northward 
shift in precipitation in May was not observed 
– Suppression of precipitation in southern India in June was observed  
– Early drawdown of monsoon was not observed 
– Overall cloud and precipitation patterns for JJA  
- Did not match hypothesis for India and surrounding oceans  
- Did match hypothesis for central China and Korea 
There are several factors that may have been responsible for discrepancies 
between the Meteosat-5 derived cloud and convection patterns and those predicted by 
the EHP hypothesis: 
– The impact of ocean/atmosphere coupling was not accounted for in the 
model simulation used to develop the EHP hypothesis. 
– The model simulation did not account for aerosol semi-direct effects, 
which seem to be responsible for reduced precipitation in the western 
portion of the IGB under high aerosol load. 
– Many anomalous dynamical factors combined to make 2004 a notable 









Chapter 5:  Impact of Aerosols on Shortwave Flux Retrieval  
5.1. Background 
The goal of the AMMA program is to improve understanding of the West 
African monsoon (WAM) and the factors that determine its variability on daily to 
inter-annual timescales.  The AMMA multi-scale approach considers local, meso-, 
regional, and global scale processes associated with the monsoon, and their 
interactions.  The radiative fluxes produced in this thesis are particularly suited for 
addressing the regional-scale processes of the WAM, where land-surface feedbacks 
are important.  African rainfall is closely tied to land surface conditions such as soil 
moisture and vegetation cover (Chou et al. 2001; Grodsky and Carton 2001; Taylor 
and Lebel 1998).  Moreover, rainfall anomalies can change soil moisture and 
vegetation characteristics, which in turn impact radiation and water budgets.  The 
changes in African vegetation cover in recent decades due to drought and 
deforestation also affect the surface albedo, which is a strong moderator of the energy 
budget (Fuller and Ottke 2002).  These feedbacks need to be understood in order to 
improve the prediction of the WAM. 
The above aspects of the WAM are addressed through the AMMA land-
surface modeling (LSM) component.  Multiple LSMs are run to address different 
surface features, such as hydrological models, crop models, and soil-vegetation-
atmosphere transfer schemes.  A surface forcing database has been developed to 
ensure forcing consistency between the various models.  Forcing parameters include 
radiation, precipitation, surface characteristics, and near-surface atmospheric 
parameters.   
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The Land Surface Analysis Satellite Applications Facility (Land SAF) 
produces the downwelling surface shortwave flux (DSSF) data for LSM forcing.  It is 
based on shortwave and near-IR radiance measurements from the Spinning Enhanced 
Visible and Infrared Imager (SEVIRI) instrument aboard the Meteosat-8 satellite.  
Separate algorithms are used for flux retrievals under cloudy- and clear-sky 
conditions, as determined by a cloud mask (Derrien and Le Gleau 2005) produced at 
the Nowcasting and Very Short Range Forecasting Satellite Applications Facility 
(NWC SAF).  For clear-sky cases, the aerosol optical depth is determined from a 
climatology of aerosol types.  
Initial evaluation of the Land SAF DSSF product at six European ground 
observing sites (Figure 5.1) shows that both the clear- and cloudy-sky flux retrieval 
algorithms meet user accuracy requirements, as reported in the Land SAF Validation 
Report for DSSF (SAF/LAND/MF/VR_DSSF/I_08 2008).  For the period October 
2004 – October 2006, instantaneous biases under clear- and cloudy-sky conditions 
combined ranged from 0 to +7 Wm-2.  Biases ranged from +2 to +15 Wm-2 for clear-
sky cases and -7 to +4 Wm-2 for cloudy sky cases.  Although the clear-sky biases are 
larger, they are lower as a percentage of average radiative flux values (being higher 
under clear conditions).  The standard deviation (SD) of the differences between in 
situ and satellite-retrieved fluxes were 33 – 70 Wm-2 for clear skies and 99 – 117 
Wm-2 for cloudy cases.   
The validation report notes that on further evaluation of the Land SAF DSSF 
product conducted for 7 months of 2006 at the African sites of Agoufou and 





Figure 5.1 Location of ground evaluation sites for Land SAF algorithm. 
 
significantly degraded in comparison to the European sites.  Most notably, the clear-
sky cases had significant positive biases on the order of 60 Wm-2.  It was determined 
that the aerosol treatment in the Land SAF algorithm is not appropriate for regions 
with high aerosol loads.  This implies that using the Land SAF DSSF product for 
surface forcing in the AMMA LSMs can cause overestimation of DSSF in the WAM 
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region, where aerosols have a strong impact on the energy balance.  Land SAF’s 
proposed solution to this problem is to replace the aerosol climatology with an 
observed aerosol product, but as yet this has not been done. 
The Meteosat-7 radiative flux inference scheme provides a useful test bed for 
studying the sensitivity of flux retrievals to the source and treatment of aerosol inputs.  
The emphasis of this chapter is to investigate the impact of aerosol treatment on the 
accuracy of the derived fluxes.  The use of both synthesized and observed aerosol 
properties are compared to determine the best approach for representing aerosol 
effects. 
5.2. Aerosol experiments: model version descriptions 
The availability of better aerosol information from newer observing platforms 
such as the EOS satellites makes it possible to include more sophisticated aerosol 
treatments in the radiative flux inference scheme.  Two different research versions of 
the UMD_SRB model replace the operational version’s simplistic approach of using 
static AOD values and very limited information on other aerosol properties with a 
more detailed treatment of aerosols.  The following describes the approaches used in 
the research versions:  
1) UMD_SRB-R:  In this version aerosol treatment has been improved to 
incorporate spatial and temporal variability in AOD and to account for additional 
aerosol effects.  The aerosol properties accounted for now include a variable single 
scattering albedo (SSA), asymmetry parameter, and normalized extinction coefficient.  
Tables are generated for five spectral intervals of 0.2–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 
and 0.7–4.0 m.  The aerosol inputs come from an aerosol “climatology” developed 
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by synthesizing satellite observations, model simulations, and ground measurements 
(Liu et al. 2005; Liu et al. 2008; Liu and Pinker 2008).  The aerosol sources in the 
climatology include MODIS AOD retrievals (Kaufman et al. 1997, Tanre et al. 1997), 
simulations from the Global Ozone Chemistry Aerosol and Radiation Transport 
(GOCART) model (Chin et al. 2002), and ground measurements from AERONET 
(Holben et al. 1998, 2001).  Data from all three sources are merged by using leading 
empirical orthogonal functions (EOFs) to identify spatial and temporal variations in 
the satellite and model data, and then fitting the EOFs to the AERONET 
observations.  SSA is obtained by using the spectral variation inferred from 
AERONET almucantar retrievals to extrapolate the GOCART SSA value at 550 nm 
to the entire solar spectrum.  The MODIS Angstrom exponent is used to obtain the 
asymmetry parameter based on an empirical relationship derived from AERONET 
data, and also to calculate the normalized extinction coefficient.  The final data set 
consists of monthly mean values of aerosol properties on a global 2° x 2.5° 
latitude/longitude grid that accounts for variation in space, time, and spectral interval.   
2) UMD_SRB-F: This version uses monthly mean observed values of 
AOD retrieved from MODIS at 1° x 1° resolution.  Since MODIS does not provide 
information on aerosol absorbing characteristics, default values of SSA = 0.893 and 
asymmetry parameter = 0.95 are used.  At locations where the MODIS AOD 
observation is missing (this occurs frequently over bright desert surfaces), the AOD 
values from the aerosol climatology are used in conjunction with the default values of 
SSA and asymmetry parameter. 
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The ideal aerosol input for the radiative flux inference scheme would contain 
observed values of both AOD and all of the radiatively important aerosol parameters.  
However, the improved aerosol information is available only from recent years and, 
as yet, does not include all of the aerosol properties.  Due to limitations in the current 
information, each of the inference schemes described compromises one aspect of this 
ideal aerosol input.  The UMD_SRB-R model has the advantage of using a more 
realistic representation of aerosol absorbing properties and asymmetry parameters.  
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Figure 5.2.  Location of BSRN sites. 
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information from multiple sources, including model simulations.  These computations 
were made for a 1-year period that may not match the actual year being processed.  
Therefore, it is not a true observational dataset and does not account for interannual 
variability in aerosol properties.  The UMD_SRB-F model incorporates the observed 
monthly variability of AOD, but uses default values of the absorbing properties, 
which are not currently observed on a large spatial scale.  Although neither option is 
ideal, the motivation of this work is to examine the relative influence of these 
advantages and disadvantages through evaluation of derived DSSF against ground 
observations. 
5.3. Evaluation against ground measurements over land 
Ground measurements of DSSF from the Baseline Surface Radiation Network 
(BSRN) (Ohmura et al. 1998) are used for validation of the Meteosat-7 derived 
fluxes.  The red dots in Figure 5.2 indicate BSRN observing sites as of 2008.  The 
current evaluation is conducted with data from January – October 2004, during which 
the available stations within Africa and surrounding regions are Tammanrasett 
(TAM) in northwestern Africa, De Aer (DAA) in southern Africa, and Sede Boqer 
(SBO) in Israel.  Observations of DSSF at the BSRN sites are available at 1 minute 
intervals.  Analysis is conducted for instantaneous measurements corresponding to 
the satellite observation times. 
Figures 5.3 – 5.5 show the evaluation of fluxes produced by the UMD_SRB-R 
and UMD_SRB-F models against ground observations at the three BSRN sites for 
instantaneous clear-sky only cases for the January to October 2004.  The clear-sky 
determination is made according to the Meteosat-7 cloud detection algorithm.  Both 
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 versions of the Meteosat-7-based model produce better representations of clear-sky 
fluxes than what is seen in the Land SAF clear-sky flux validation at Agoufou and 
Banizoumbou for 2006.  At those stations, the average biases of the instantaneous 
fluxes are on the order of 60 Wm-2, with some individual months reaching values 
closer to 100 Wm-2.  The smaller biases achieved with the UMD_SRB research 
versions indicate the advantage of the implementing a more realistic aerosol 
treatment. 
Although both versions of the UMD_SRB radiative flux inference schemes 
produce more accurate fluxes than the Land SAF algorithm, large differences occur 
between the two UMD_SRB schemes.  Superior performance is seen using the 
aerosol climatology (UMD_SRB-R) rather than the monthly mean AOD values 
observed by MODIS (UMD_SRB-F).  While in principle the observed AOD values 
should lead to higher accuracy, these results highlight the importance of the more 
complete characterization of the aerosol absorbing properties in the UMD_SRB-R 
model.  In the UMD_SRB-F model, the fairly high static values of SSA (0.89) and 
asymmetry parameter (0.95) lead to higher transmission and less extinction and 
backscatter of radiation in the flux retrieval.  This can create a positive bias in DSSF 
when the static values are not representative of the observed atmosphere.  Actual 
values of SSA and asymmetry parameter at SBO are available from AERONET 
observations for the period of the study and they confirm that the assumed asymmetry 
parameter is too high, contributing to the positive bias.  More information on the 
observed aerosol characteristics at TAM (currently unavailable) are necessary to 




Figure 5.3. Comparison of Meteosat-7 instantaneous clear-sky DSSF and ground 
measurements at DAA for Jan – Oct 2004 for UMD_SRB-R (top) and 
UMD_SRB-F (bottom). 
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Figure 5.4.   As in Figure 5.3 but for SBO. 
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Figure 5.5.   As in Figure 5.3 but for TAM. 
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These results quantify the degree of improvement that can be achieved by 
incorporating more sophisticated aerosol treatment in flux retrieval algorithms.  In 
comparison to the evaluation of DSSF conducted with the Land SAF algorithm, 
biases are reduced by about 30 – 50 Wm-2 using the research versions of the 
UMD_SRB model.  The approach of incorporating observed aerosol products in the 
radiative flux inference scheme contributes to the improvement, but the importance of 
aerosol absorbing properties is shown to be equally significant.  This factor should 
also be considered in the implementation of a new aerosol treatment for the Land 
SAF DSSF forcing database. 
5.4. Evaluation against ground measurements over ocean 
Comparisons are also done over the Atlantic ocean.  The research versions of 
the UMD_SRB model are compared to the original version (designated UMD_SRB-
O) that is run operationally with very limited aerosol information.  In addition to the 
aerosol differences in the versions, UMD_SRB-O differs from the others because it is 
driven with the ISCCP D1 cloud analysis at 2.5° x 2.5° resolution rather than cloud 
information from Meteosat-7.  To minimize any advantage that may be due to 
resolution, the Meteosat-derived fluxes used in the comparison are first upscaled to 
match the resolution of the UMD_SRB-O fluxes. 
The Prediction and Research Moored Array in the Atlantic (PIRATA) dataset 
(described at http://www.pmel.noaa.gov/pirata/) is used over three water locations in 
the Atlantic Ocean given by the coordinates in the first column of Table 5.1.  DSSF 
values at the buoy sites are measured at 2-minute intervals but only daily means are 
reported.  Since clear-sky-only conditions cannot be extracted from daily means, this 
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evaluation compares daily mean all-sky DSSF values from the UMD_SRB model 
versions to the PIRATA ground measurements.  Results are based on the month of 
May 2004, and are given in Table 5.1.  Both the UMD_SRB-R and UMD_SRB-F 
models perform better than the operational model.  Since the impacts of the aerosol 
treatments have less influence in the all-sky daily average than in the instantaneous 
clear-sky cases, it is possible that some of the improvement can be attributed to better 
cloud detection with the Meteosat-7 algorithm vs. the ISCCP D1 cloud information.  
Interestingly, the bias in the UMD_SRB-F model is even lower than the bias in the 
UMD_SRB-R model, a result that did not occur over land.  This result suggests an 
area for further study, as the impact of AOD vs. other aerosol absorbing and 
scattering properties on flux retrievals may differ for land and water. 
 
Table 5.1  Evaluation of daily average all-sky DSSF derived with the 
UMD_SRB-R, UMD_SRB-F, and UMD_SRB-O models in 














 -R -F -O -R -F -O -R -F -O 
0N / 23W 7.02 2.93 2.68 13.27 12.80 21.96 30 30 30 
0N / 35W 3.4 1.06 8.97 11.99 13.07 28.85 30 30 28 
8N / 38W 2.35 -1.04 16.36 9.74 10.60 20.87 30 30 27 
Combined 4.26 0.98 9.33 11.67 12.16 23.89 90 90 85 
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Chapter 6:  Radiation Budget over Africa 
The focus of this chapter is to use the radiative flux information derived from 
Meteosat-7 to characterize the spatial and temporal variation in DSSF and surface 
albedo that occur over the African continent. 
6.1. Variation in DSSF 
Figure 6.1 shows the monthly mean DSSF derived with the UMD_SRB-R 
model for the months of January, April, July, and October 2004.  In January, 
maximum DSSF values exceeding 325 Wm-2 occur in southwest Africa.  Values 
range from 225 – 275 Wm-2 for the majority of the region bounded by 15° N to 15° S, 
with the exception of a band of lower DSSF from 0 - 10° S.  This corresponds to the 
ITCZ, where heavy cloud cover reflects the incoming solar radiation.  A reduction in 
DSSF due to persistent marine stratocumulus clouds off the coast of Namibia in 
southwest Africa can also be seen.  Above 15° N the pattern is zonal with values 
decreasing poleward from 175 to 125 Wm-2.  The relative homogeneity of the land 
surface in the Saharan Desert along with the lack of cloudiness lead to this zonal 
pattern. 
In April the region north of 10° N experiences DSSF values over 300 Wm-2 
while values range from 200 – 275 Wm-2 in regions south of 10° S.  A slight 
northward shift in the ITCZ is observable by the diminished DSSF values between 5° 






























Figure 6.1. Monthly mean DSSF (Wm-2) for January, April, July, and October 
2004. 
 
Africa does not experience the same drop in DSSF.  The mountains of the Great Rift.  
Valley produce a rain shadow that keeps the region more arid than western equatorial 
Africa.  This effect can be seen in all panels of Figure 6.1. 
By July, DSSF values exceed 325 Wm-2 in nearly all parts of the continent 
north of 10° N.  The ITCZ is strongly evident by the band of DSSF values in the 
range of 150 – 200 Wm-2 from 10° N to 5° S.  Minimum values of less than 150   






In October the DSSF values in the Sahara drop to 250 – 275 Wm-2.  The ITCZ 
returns to about the same position as April, with DSSF values less than 200 Wm-2 
between 5° N and 10° S.  The impact of marine stratocumulus clouds off the 
southwest coast of Africa is less prominent than in the other seasons.  Maximum 
values of 300 – 325 Wm-2 occur mainly in southern Africa. 
6.2. Surface Albedo 
Surface albedo measures the fraction of incoming solar radiation reflected to 
space.  Information on surface albedo is a vital input to regional- and global-scale 
climate models as it influences the redistribution of energy at the earth’s interface and 
also impacts moisture availability.  Satellites provide information useful for deriving 
surface albedo at various spatial scales for modeling applications.  One of the earliest 
estimates of surface albedo over Africa was derived by Rockwood and Cox (1978) 
using SRS-1 satellite brightness temperatures and aircraft data from the Global 
Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE).  
Estimates have also been derived from NOAA AVHRR data (Saunders 1990; Song 
and Gao 1999; Strugnell et al. 2001), Meteosat-5/7 (Pinty et al. 2000a), MODIS 
(Lucht et al. 2000; Schaaf et al. 2002), the Clouds and the Earth Radiant Energy 
System (CERES) sensor aboard the Terra satellite (Kato et al. 2005), and Meteosat 
Second Generation (MSG) (Geiger et al. 2004). 
Figure 6.2 shows the Meteosat-7 monthly mean surface albedo computed for 
January, April, July, and October 2004.  In all seasons, albedos greater than 0.5 occur 











seasonal cycle occurs in these regions, with the minimum albedo occurring in 
January.  Several mountainous parts of the Sahara receive slightly more rainfall than 
surrounding areas, resulting in albedos less than 0.25.  Albedos in the Kalahari and 
Namib Deserts in southern Africa are considerably lower than those in the Sahara, 
with maxima of 0.3.  The albedo remains nearly invariant throughout the year in these 
deserts, as well as in the semi-arid regions of Somalia and Ethiopia in eastern Africa.  
The largest seasonal changes in albedo occur in the region between 10° N to 15° S, 
where the progression of monsoon rainfall and the annual cycle of deciduous forests 
cause more pronounced changes in land surface conditions.   
Seasonal changes in surface albedo derived from Meteosat in 1996 were 
analyzed by Pinty et al. (2000b) and Govaerts (2002).  In addition to the seasonal 
decrease in albedo caused by monsoon rains, decreases were also observed in the dry 
season due to biomass burning which peaks from November – January in the northern 
hemisphere and July – August in the southern hemisphere (Cooke 1996).  The impact 
of biomass burning was stronger in the Sahel than in the southern hemisphere.  
Within the Sahel, surface albedo reduction was larger (8%) at the northern border 
where vegetation is sparse and normally has a higher albedo than in the thickly 
vegetated southern portion.  Albedo decreases due to biomass burning did not exceed 
5% in the southern hemisphere.  Impact of fires in the northern hemisphere were 
found to be more significant in reducing albedo than the rainfall effect, such that the 
albedo was lower during the burning season than during the rainy season.  A similar 
feature was found in the Meteosat-7 data derived with the UMD_SRB-R model where 
albedos in the Sahel were 0.1 – 0.15 higher in July (Figure 6.3). 
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Figure 6.3. Difference in monthly mean surface albedo July 2004 minus January 
2004. 
 
Differences exist in various satellite estimates of surface albedo and Sato et al. 
(1989) noted that errors in albedo used in GCMs ranged from 5 – 15% for different 
locations and seasons.  Knorr et al (2001) found surface albedos larger than 0.35 
throughout the Sahara desert with maximum values above 0.5 using Meteosat-7 
satellite observations, similar to those derived here.  AVHRR estimates do not exceed 
0.4 throughout the Sahara region (Strugnell et al. 2001; Wei et al. 2001), while 
MODIS estimates are in between these values (Tsvetaskinskaya et al. 2002).  The 
most recently derived MSG values also exceed MODIS estimates, particularly in the 
visible portion of the spectrum (Geiger et al. 2004).  Such differences may 
significantly impact rainfall predictions by GCMs.  Knorr et al. (2001) ran the 
ECHAM4 model with higher albedo estimates from Meteosat against a control run 
using the model’s nominal albedo estimates.  Precipitation was reduced by 30 
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mm/month in the Sahel and 20 mm/month in the Sahara, bringing model predictions 
much closer in line with observations.  This illustrates the need for careful attention to 
surface albedo inputs used for model forcing. 
The Meteosat-7 surface albedo values of this study are computed as a ratio of 
the upwelling and downwelling radiative fluxes.  Fluxes are derived for clear-sky and 
cloudy-sky conditions at both the surface and TOA at instantaneous, hourly, daily, 
and monthly timescales.  This makes it possible to study both surface and TOA 
albedo under all conditions (clear and cloudy).  The effects of environmental 
conditions such as rainfall can be assessed by using the daily average products.   This 
section presents the methodology and a brief overview of surface albedo results.  







Chapter 7:  Summary 
The key objective of this work was to develop inference schemes that will 
result in information needed for addressing several issues of priority to the GEWEX 
program as articulated in the CEOP framework, namely: 
1.  To aid in the investigation of processes that impact the hydro-climate of 
the Indian and African monsoon regions at local and regional scales by deriving 
information on clouds and radiative fluxes at high temporal and spatial resolution 
from the  Meteosat-5 and Meteosat-7 satellites 
2.  To apply the information to document the evolution of cloud systems 
throughout the Indian monsoon cycle, to investigate the impact of aerosols on the 
Indian monsoon and on surface radiative fluxes, and to characterize the seasonal 
changes in the surface albedo and radiation regimes in Africa. 
The first objective was accomplished by demonstrating the transferability of 
methods to derive clouds and radiative fluxes from the GOES satellites over North 
America to the Meteosat satellites over the monsoon regions of interest.  This 
includes the adaptation of cloud detection tests from the GOES channels to those of 
the Meteosat systems.  The UMD_SRB radiative flux inference scheme used 
operationally for North America was modified to handle the challenges of the Indian 
and African monsoon regions.  Specifically, a correction is used to better represent 
radiative transfer at high elevations such as the Tibetan Plateau region, and new 
sources of aerosol information are incorporated to account for the spatial and seasonal 
variability of the aerosol load in the monsoon regions. 
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Four specific questions to be addressed with the newly developed information 
as raised in Chapter 1 and the findings are summarized here: 
1.  How does the spatial distribution and diurnal cycle of clouds and 
convection change as the Indian monsoon evolves through the pre-monsoon, 
peak-monsoon, and post-monsoon seasons? 
The cloud patterns for two years with climatologically normal Indian 
monsoon rainfall were studied.  The evolution of the monsoon is seen as an increase 
in cloudiness from 10° N – 20° N during the monsoon build-up phase, a northward 
progression of increased cloudiness to 25° N during peak monsoon, and a retreat of 
maximum cloudiness to 5° N – 15° N during the monsoon dissipation phase. The 
daytime (8-15 LST) diurnal cycle of total cloud amounts is generally flat during the 
pre-monsoon season, U-shaped during peak-monsoon, and ascending toward an 
afternoon peak in the post-monsoon season. Low clouds dominate the Tibetan Plateau 
and northern Arabian Sea while high clouds are more frequent in the southern Bay of 
Bengal and Arabian Sea. An afternoon peak in high clouds is most prominent in 
coastal India and the Bay of Bengal. Afternoon convection peaks earlier over water 
than land.  Comparison of cloud amounts from Meteosat-5, ISCCP D1, and model 
output from the ERA-40 Re-analysis and the NCEP/NCAR Re-analysis indicates the 
largest disparity among cloud amounts from the various sources during peak-
monsoon.   
2.  How does the aerosol load in the Indo-Gangetic Basin impact the 
Indian monsoon?  
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The “Elevated Heat Pump” hypothesis was re-evaluated using Meteosat-5 
cloud data and recent aerosol information from MODIS and MISR.  High and low 
aerosols years from the period 2000 – 2005 were contrasted to determine whether a 
high aerosol load in the Indo-Gangetic Basin led to a northward shift and 
enhancement of monsoon precipitation as proposed by the EHP hypothesis.  It was 
found that in some aspects, observations are in agreement with the hypothesis but not 
in all aspects of it.  Anomalous warming over the Tibetan Plateau due to aerosol 
absorption did occur as predicted in the high aerosol year (although apparently not 
induced by aerosol absorption), but it did not act as a mechanism to increase 
precipitation in the Himalayan foothills and northern India.  However, suppression of 
precipitation in southern India and enhancement in central China and Korea was 
observed as predicted.  
Other plausible factors were investigated to explain the discrepancies between 
the Meteosat-5 derived cloud and convection patterns and those predicted by the EHP 
hypothesis.  It was determined that the numerical model simulations used as a basis to 
develop the hypothesis may have been flawed because they did not incorporate 
ocean/atmosphere coupling or aerosol semi-direct effects.  The latter appear to be 
responsible for reduced precipitation in the western portion of the IGB under high 
aerosol load.  Additionally, many anomalous dynamical factors combined to make 
2004 an exceptional drought year, and may have masked evidence of the EHP effect.  
3.  How are flux retrieval algorithms in the African monsoon region 
impacted by the source of aerosol optical depth information and the 
incorporation of aerosol absorbing properties? 
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Recent improvement in observational datasets of aerosol properties have been 
leveraged to test new aerosol treatments in the UMD_SRB radiative flux inference 
scheme.  One method used actual observed AOD values from MODIS but relied on 
default values of aerosol absorbing properties.  The other method used an aerosol 
dataset that contains detailed information on the spatial and temporal variations in 
both AOD and aerosol absorbing properties, but did not correspond in time to the 
year of the flux data being retrieved.  Both of the methods tested performed better 
than the Land SAF DSSF algorithm used to provide surface radiative forcing to the 
AMMA LSMs.  This algorithm greatly overestimates DSSF in Africa due to poor 
representation of aerosols.  While the use of observed AOD values from MODIS 
reduced the bias of the flux retrievals by about 30 Wm-2, accounting for the absorbing 
properties improved the retrievals even further.   
4.  How do the surface albedo and radiation regimes change seasonally 
over Africa? 
The evolution of DSSF and surface albedo for the year 2004 was shown.  
Maximum values of DSSF exceeding 325 Wm-2 occured over the Sahara Desert in 
April and July and over the Kalahari Desert in January.  DSSF values in the ITCZ 
were 175 – 225 Wm-2 on average.  Lowest values of DSSF were less than 125 Wm-2, 
occurring on the northern border of Africa in January.  October showed the least 
extreme range of DSSF, with only a few regions exceeding 300 Wm-2.  Surface 
albedos greater than 0.45 occurred in the Sahara Desert year-round, while the 
maximum albedo of the southern deserts remained steady at 0.25 throughout all 
 97 
seasons.  The most seasonal variation in albedo occurred from 10° N to 15° S due to 
changing land and soil moisture conditions. 
 
This research developed the tools to meet the needs for high-resolution cloud 
and radiative flux information that can be used as forcing and validation data for local 
and regional-scale modeling as implemented in the CEOP program.  Four 
applications of the information have been demonstrated here but its potential uses are 
much wider.  Future direction of this work includes: 
- Developing a nighttime cloud detection algorithm for Meteosat-5 and -
7 to improve the utility of the data set for validating numerical model-produced 
clouds throughout the full diurnal cycle. 
- Testing the effect of other aerosol data sources (such as MISR and the 
Goddard Institute for Space Studies (GISS) products) on the radiative flux inference 
scheme. 
- Processing the entire 8 – 9 year records of the Meteosat-5 and -7 data 
to produce more robust cloud, radiative flux, and surface albedo climatologies. 
- Comparing the patterns of convective clouds in the Indian and African 
monsoon regions to gain insights on the differences in the monsoon rainfall 
mechanisms of the two regions. 
- Investigating the impact of African dust on convection. 
 
Other investigators are also beginning to make use of the information 
developed through this research.  The Meteosat-5 cloud analyses are already being 
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used for an inter-comparison of Model Output Location Time Series (MOLTS) data 
with satellite-derived cloud products.  It is hoped that the data that has been made 
available by this research will be instrumental in numerous other investigations of 
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